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Abstract
A systematic experimental investigation was carried out to provide phenomenologi-
cal and quantitative insight on the flow over large-scale topographies characterized
by few dominant modes. Particle image velocimetry (PIV) was used in a refractive-
index-matching (RIM) channel to study the dynamics of the flow over a series of
topographies consisting of (i) 2D and 3D wavy walls and (ii) homogeneous and het-
erogeneous canopies. The focus of these experiments is to characterize and quantify
the impact of specified heterogeneities on the mean flow field and turbulence quan-
tities. In the first set of experiments, the surface heterogeneity is given by a single
spanwise sinusoidal mode superimposed on a 2D wavy wall; this allowed to uncover
the impact of topography three-dimensionality on the flow field. In the second set of
experiments, the flow over an array of rigid elements with uniform height, i.e. ho-
mogeneous canopy, was compared to that over a heterogeneous canopy composed of
elements with varied heights.
The impact of three-dimensionality on the flow field over the wavy walls was investi-
gated in multiple regimes, including developed and developing turbulent flows as well
as the transition to turbulence. The results show that, within the developed region,
the 3D wall induces distinctive spanwise flows within the topography that lead to
drag and turbulence reduction compared with the 2D counterpart. In the developing
regime, the turbulent boundary layer is highly sensitive to the large-scale topography.
The integral parameters such as displacement and momentum thicknesses are signif-
icantly more modulated by the topography in the 2D case due to relatively larger
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pressure variations in the streamwise direction. The three-dimensionality of the to-
pography also impacts the mechanisms by which the boundary layer transitions to
turbulence. This phenomenon over the 2D topography occurs due to an inflection
point in the velocity profile resulting from flow separation within the troughs. In
contrast, the transition to turbulence is significantly delayed due to the lack of such
instability over the 3D wall.
The flow over the canopies was studied under various submergence depths common
in riverine environments. Here, the submergence depth is defined as the ratio of the
flow depth to the canopy height. Turbulence statistics complemented with quadrant
analysis and proper orthogonal decomposition reveal richer flow dynamics induced by
the element height heterogeneity. Topography-induced spatially-periodic mean flows
occur in the heterogeneous canopy. Additionally, non-vanishing vertical velocity is
maintained across the entire length of the heterogeneous canopy with increased levels
at lower submergence depths. Further modulations were induced in the turbulent
kinetic energy, Reynolds shear stress and the canopy mixing layer.
The results from both sets of experiments indicate a significant impact of sur-
face heterogeneity on the flow dynamics over large-scale topographies. This includes
considerable changes in the mean flow, production and levels of turbulence as well
as turbulent transport, which is of high importance in environmental and industrial
applications.
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“To those who have seen beyond hardship to the peace that exists in transcendence”
J. P. Kuehner
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Chapter 1
Introduction
Boundary layer flows over impermeable and porous large-scale topographies are ubiq-
uitous in nature and in industrial applications. Examples in nature include flows over
dunes and hilly terrains; whereas industrial applications include internal and external
flows over large depositions or distributed obstacles. Flow over small-scale roughness,
that typically occupies . 1/40 of the boundary layer thickness (Jimenez, 2004), have
been the subject of extensive research in the last several decades; however, the flow
over large-scale topography, say & 10% of the boundary layer depth, have received
comparatively much less attention. The majority of studies on large-scale topography
have focused on singular elements of varied geometries. This leaves a gap within the
literature on wall-bounded turbulent flows over distributed large-scale topographies.
The purpose of this investigation is to uncover the distinctive modulation of large-
scale topographical heterogeneities on boundary layer flows. The first set of exper-
iments is aimed at investigating the impact of the three-dimensionality of the wall
topography on the boundary layer flow in the turbulent developed and developing
regime (Hamed et al., Phys. Fluids, 2015, 2017a) as well as in the transition to tur-
bulence (Hamed et al., J. Fluid Mech., 2016). The second set of experiments focuses
on the scenario where a canopy exhibits a heterogeneity in the height of its elements
(Hamed et al., J. Fluid Mech., 2017b). In this section, a comprehensive literature
review is included to place the current work in the larger context of previous studies.
The experiments are detailed in section 2. The results are presented and discussed
in section 3. The conclusions are provided in section 4.
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1.1 Flow over Wavy Walls
1.1.1 Developed Flow
Early studies by Zilker et al. (1977) and Zilker and Hanratty (1979) experimentally
investigated the effect of the amplitude in 2D sinusoidal walls on the flow behavior
and found that flow separation is possible for amplitude to wavelength (a/λ) ratios
greater than 0.0165. Their observation was consistent with the theoretical work of
Thorsness (1975), which is based on the linear momentum equations. Several subse-
quent studies used various experimental techniques, such as laser Doppler velocimetry
and particle image velocimetry, to characterize flow patterns including recirculation
and the shear layer that forms downstream of crests (Kuzan et al., 1989; Gu¨nther
and von Rohr, 2003; Kruse et al., 2006). Buckles et al. (1984) and Hudson et al.
(1996) characterized the flow in terms of inner and outer regions. They found that
the mean flow and high-order statistics (including velocity variance and shear stress)
are strongly modulated by the local topography in the inner region. However, in the
outer region the local topography effects are lost. The inner region of the flow over
wavy walls includes a shear layer that forms behind the crest and, when present, a
recirculation bubble. Similar inner and outer flow features have been obtained from
direct numerical simulations (De Angelis et al., 1997; Cherukat et al., 1998) and large
eddy simulations (Henn and Sykes, 1999; Choi and Suzuki, 2005).
Attention has also been placed on the turbulence structure of the flow over 2D wavy
walls and how it compares with that over a flat wall. Hudson et al. (1996), Cherukat
et al. (1998), Kruse et al. (2006) and others, observed that the turbulence is produced
and maintained by the presence of the shear layer that forms downstream of the crests
making it remarkably different from the flow over a flat plate. Some studies have also
looked at the nature of turbulence in the outer flow and noted that, far away from
the wavy wall, the turbulence takes on a universal behavior (Hudson et al., 1996;
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Nakagawa and Hanratty, 2001; Nakagawa et al., 2003; Kruse et al., 2006). Multiple
researchers have also studied the flow in 2D wavy passages as it pertains to convective
heat transfer (e.g., Wang and Vanka, 1995; Rush et al., 1999; Wang and Chen, 2002;
Dellil et al., 2004; Ramgadia and Saha, 2013).
Although many researchers have studied the developed flow over 2D sinusoidal
walls, very few have investigated the effect of increasing the topographical complex-
ity on the flow field. Kuhn et al. (2007) used proper orthogonal decomposition to
identify the large flow structures over complex 3D wavy walls with two orthogonal
superimposed sinusoidal waves (streamwise and spanwise waves). They observed, in
contrast to 2D walls, a broader energy distribution in which more modes contribute
to the energy-containing range. Furthermore, they suggested that the flow over the
3D wall can be described as a superposition of dominant eigenmodes with different
length scales. Multiple studies have investigated the flow over organized roughness
similar to a complex wavy wall with superimposed waves (e.g., Bhaganagar et al.,
2004; Orlandi and Leonardi, 2006; Sen et al., 2007; Bhaganagar et al., 2007; Volino
et al., 2011); however, the effect of incremental complexity has not yet been fully
addressed and remains a subject of interest in turbulent boundary layer as well as
geophysical flow research.
1.1.2 Developing Flow
The interaction of boundary layers with large-scale distributed elements is far from
being fully understood. The flow development over such surfaces carries the signature
of local and upwind effects, and only above the ’blending height’ (Wieringa, 1976;
Mason, 1988) the local topographic effects on the flow decrease notably (Mahrt, 2000).
Overall, the turbulence structure and its levels exhibit spatial variability that depends
on the topography. A problem of interest in this context is the abrupt change of the
wall geometry from smooth to modulated by either small-scale roughness, large-scale
3
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Figure 1.1: Conceptual schematic of the surface transition problem. (a) canonic
smooth-to-rough transition; (b) transition from smooth wall to one modulated by
both small- and large-scale topography.
topography, or a superposition of both. A convenient way to describe the problem
is based on the physical scale of the topography with respect to the boundary layer
thickness (Jimenez, 2004). A common case to study is the smooth-to-rough transition
where the roughness physical height to boundary layer thickness is small, namely
k/δ < 1/40 (figure 1.1a). A less studied case is when the transition occurs from
smooth wall to one modulated by small- and large-scale topography (figure 1.1b).
Multiple studies have investigated the smooth-to-rough transition which is a subset
of the general case of roughness transition (e.g., Elliott, 1958; Panofsky and Townsend,
1964; Antonia and Luxton, 1971b,a; Jensen, 1978; Wood, 1982). Generally, wall shear
stress exhibits, past a roughness transition, variations larger than those corresponding
to the adjusted values of the local roughness (e.g., Chamorro and Porte´-Agel, 2009).
Moreover, an internal boundary layer, characterized by a thickness δi, containing
multi-scale turbulence processes develops and grows with distance from the transition.
A description of this case can be found in Kaimal and Finnigan (1994), and a detailed
review on δi models can be found in Savelyev and Taylor (2005).
The case of flow adjustment when the wall transitions from smooth to large-scale
and multi-modal topography is more complex due to the significant signature of
the individual elements. Given the importance of this case, multiple studies have
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approached simplified models consisting of singular elements. For example, in the
context of the atmospheric boundary layer response to natural terrain, the flow over
isolated hills is commonly studied. Significant flow acceleration and increased drag
are observed over 2D and 3D hills with a high likelihood of flow separation on the
lee side. The reader is referred to Belcher and Hunt (1998) for a review on the flow
over 2D hills and Mason and Sykes (1979) and Hunt et al. (1988) for insight on the
3D case. In another example, the flow over dunes is frequently studied to understand
the many complex processes occurring within dune fields. Palmer et al. (2012) and
Bristow et al. (2016), for example, studied the flow field surrounding fix-bed barchan
dune models in a wind tunnel using PIV. Models of different volume ratios were
studied as a function of spanwise location and streamwise spacing to simulate two
interacting dunes. It is noted that in the study of Palmer et al. (2012) the dunes
occupied ∼ 14% of the incoming boundary layer thickness and ∼ 25 − 30% for the
study of Bristow et al. (2016).
Within a more general context, 2D bumps occupying large portions of incoming
boundary layers were also studied to understand the response of turbulent boundary
layers and, turbulent shear flows in general, to large-scale topography. Webster et al.
(1996) studied the response to a bump that had an incoming boundary layer thickness
to bump height ratio δ0/h = 1.5. They observed a growth of two internal layers, one
originating at the leading edge of the bump and the other at the trailing edge. The
boundary layer recovered rapidly downstream of the bump and approached that of
a typical flat plate. Baskaran et al. (1987, 1991) studied a much larger perturbation
that had an incoming boundary layer to bump height δ0/h = 0.25. The induced
internal layer grew independently under the external turbulence layer and dictated
the wall shear stress and the separation at the lee side of the bump. The effect
of large-scale grooves of various shapes and sizes on turbulent boundary layers has
also been investigated (e.g., Sutardi and Ching, 2003b,a). While turbulent boundary
5
layer response to a single large-scale element has been frequently studied, the case of
turbulent boundary layer adjustment to organized or random arrays of multi-elements
has not received the necessary attention. Recently, Chang and Constantinescu (2013)
used large-eddy simulations (LES) to study the flow development over periodic 2D
dunes that occupied up to 25% of the flow domain. They observed the formation of
coherent hairpin-like vortices reaching the water surface and resulting in enhanced
mixing across the entire flow depth.
1.1.3 Transition to Turbulence
Roughness-induced transition to turbulence has been a subject of extensive study
dating back to the 1940s (Dryden, 1953). Understanding the role of roughness in
flow transition is essential for prediction and design, as well as flow control and
drag reduction through the delay of the turbulent transition (Cossu and Brandt,
2002; Fransson et al., 2006; Choi, 2006). Early works have focused on the roughness
Reynolds number Rek = Ukk/ν as a characteristic parameter in determining the
transition (e.g., Klebanoff et al., 1955; Smith and Clutter, 1959); here, Uk denotes
the velocity at the roughness height (k) and ν is the kinematic viscosity. Further
distinctions are based on whether the roughness is 2D or 3D, and whether it is
distributed or isolated. In terms of Rek, transition to turbulence is expected to
occur downstream of the roughness element at a critical threshold Rek,crit. Moreover,
a 3D roughness is identified as more critical compared to a 2D one meaning that
when Rek,crit has been exceeded, the transition location will rapidly approach the
roughness element (Tani, 1969). Below Rek,crit, it was believed that 3D roughness
has insignificant effect on the flow transition (Klebanoff et al., 1955; Tani, 1969).
As discussed by Klebanoff and Tidstrom (1972), Ergin and White (2006), Kuester
and White (2015), and others, the Rek criterion falls short in explaining the under-
lying physics of the transition process. Understanding roughness-induced transition
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is an essential prerequisite to the use of roughness as a control mechanism to reduce
skin-friction by delaying the flow transition as proposed by Shahinfar et al. (2012,
2013), and others. For discrete 2D roughness, the transition is explained by the 2D
Tollmien-Schlichting (T-S) waves (Klebanoff and Tidstrom, 1972; Goldstein, 1985).
The need for further understanding of the effect of 3D roughness on flow transition
has motivated many recent studies, including Plogmann et al. (2014); Bernardini
et al. (2014); Edelmann and Rist (2015); and Ye et al. (2016) to name a few. Tran-
sient growth, a candidate mechanism explaining bypass transition over 3D isolated
and distributed roughness, emerges due to the non-orthogonality of the linear sta-
bility equations (Reshotko, 2001; Reshotko and Tumin, 2004; Downs et al., 2008).
Essentially, it is described by the combination of slightly decaying modes resulting in
transient growth followed by exponential decay (Reshotko and Tumin, 2004; Kuester
and White, 2015).
Recent works have focused on the flow in the near- and far-wake of 3D isolated
roughness elements. Ergin and White (2006), for example, studied the flow past
an array of cylindrical elements at subcritical and supercritical Rek. In addition to
providing evidence of hairpin vortices, they highlighted that the transition occurs
when the unsteady disturbance (velocity fluctuations) field grows rapidly such that
the altered steady flow cannot relax fast enough to stabilize the fluctuations. As such,
roughness-induced transition could be thought of as a competition between these two
factors. Recently, Ye et al. (2016) experimentally investigated the transition past a
micro-ramp at a supercritical Rek = 1170 using tomographic PIV and highlighted
the shedding of arc-like Kelvin-Helmholtz vortices. Past the break-up of the arc-
like vortices, a region of relatively low vortical activity was observed followed by the
development of hairpin vortices near the wall indicating flow transition.
The role of distributed roughness in flow transition remains a challenging topic
in need of further investigation, especially due to its relevance as a realistic wall
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condition. Downs et al. (2008) studied the flow transition past a patch of random
distributed roughness at Rek =164, 227 and 301. They observed transient growth
in the steady disturbances (deviations from the Blasius profile due to the generated
wakes) across the three Rek, and suggested that the transition at the high Rek occurs
through bypass mechanisms. Moreover, they observed a similar competition between
the relaxation of steady disturbances (stabilizing effect) and the growth of the fluctu-
ations as in Ergin and White (2006). Direct numerical simulations (DNS) of the flow
past the same roughness was performed by Drews et al. (2011) and Drews (2012) to
further understand the nature of the transition. A key finding of these works is that
the regions with the largest roughness heights were responsible for the majority of
the distortion of the initially undisturbed boundary layer. Additionally, Drews (2012)
suggested that the small roughness acts as a ’shield’ where the boundary layer gets
displaced vertically over the small-scale roughness, thus shielding the larger rough-
ness elements through a lower effective Rek. Due to the importance of such an effect,
Kuester and White (2015) performed systematic experiments to investigate the nature
of the interaction between distributed roughness and isolated elements. They found
that sheltering is not fully explained by boundary layer displacement as suggested by
Drews (2012). The works of Downs et al. (2008), Drews et al. (2011), and Kuester
and White (2015) pointed out the need for a characterization of flow transition over
long patches of distributed roughness to approach more realistic conditions.
1.2 Canopy Turbulence
Characterization of the flow within and above canopies has been the subject of nu-
merous studies in the last few decades due to its relevance in multiple industrial,
atmospheric, and environmental applications. In atmospheric science, for example,
understanding the flow above and within plant canopies is vital to the quantifica-
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tion of the exchange of carbon dioxide and oxygen among other scalars (Lai et al.,
2000). Furthermore, the interaction between the atmospheric boundary layer and ur-
ban canopies governs a multitude of processes including pollutant transport (Belcher,
2005), and micro-climate (Souch and Grimmond, 2006). The physics of such interac-
tion is further complicated by the inherent inhomogeneity of urban structures (Coceal
and Belcher, 2004). From an environmental standpoint, aquatic vegetation regulates
the kinematics and dynamics of the flow in rivers and wetlands. It supplies numer-
ous services to the ecosystem including the damping of water waves (Fonseca and
Cahalan, 1992), providing habitat to multiple species (Hawkins et al., 1983), and
enhancement of local water quality (Dennison et al., 1993).
The aforementioned systems share many common flow features; however, a dis-
tinction is made in the literature based on the flow confinement. Terrestrial canopies
occupy a relatively small fraction of the boundary layer, whereas the flow above
aquatic canopies is confined by the free surface (large-scale). The former case has
been studied more frequently with multiple key reviews given by Raupach and Thom
(1981), Finnigan (2000), and Belcher et al. (2011). For the latter, a further distinc-
tion is made based on whether the canopy elements are fully submerged or emergent
(filling the entire fluid depth or penetrating the free surface). This work focuses on
confined, submerged canopies and, from this point on, the discussion will be tailored
to this case. Here, canopy density governs many aspects of the flow including mixing
and scalar transport (Poggi et al., 2004; Tanino and Nepf, 2008; Nezu and Sanjou,
2008; Chen et al., 2013). For dense canopies, the mean velocity profile shows an
inflection near the top of the elements leading to Kelvin-Helmholtz instability (Rau-
pach et al., 1996). Furthermore, an obstructed shear layer that resembles a free shear
layer develops and partially penetrates the canopy. The length scale of penetration
has been observed to be a function of canopy density and the drag coefficient. A
recent review conducted by Nepf (2012) has summarized these features. The review
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has also identified flow phenomena relevant to sparse submerged canopies as well as
emergent ones.
The shear layer penetrates into the canopy and enhances vertical momentum trans-
port. Based on this, Nepf and Vivoni (2000) divided the flow into two regions: an
upper region ’vertical exchange zone’ and a lower one ’longitudinal exchange zone’.
The vertical exchange zone is characterized by significant turbulent transport due to
the mixing layer formed above the canopy, while advection in the streamwise direction
predominates within the longitudinal exchange zone. Similarly, Poggi et al. (2004)
partitioned the flow into three regions based on the flow length scales. There, the
top-most region resembles a rough boundary layer and exhibits similar scales. In the
bottom-most region, the flow is dominated by element-scale vortices (von Ka´rma´n
vortices); this region extends from the bed to where the mixing layer penetrates the
deepest. The middle region represents a superposition of the mixing layer and the
other two regions.
In addition to categorizing the different flow regions based on turbulent transport
and length scales, multiple studies investigated the turbulent structure of these flows.
Poggi et al. (2004), Nezu and Sanjou (2008), and Chen et al. (2013); among others,
used quadrant analysis to quantify the relative contribution of sweep to ejection
events within the different regions of the flow. These studies showed that sweeps
were dominant closer to the canopy bringing high-speed fluid into it, while ejections
were dominant above the canopy. Regarding flow confinement, Nepf and Vivoni
(2000) showed that the vertical exchange zone deepens between submergence depth
H/h = 1 − 2. Here, submergence depth is defined as the ratio of the fluid depth
H to canopy height h. However, for submergence depths 2 to 5, the mixing layer
penetration is set by the drag coefficient and canopy density.
Moreover, recent evidence suggests a significant role of dispersive stresses for sparse
canopies (Poggi et al., 2004). Other recent studies include characterization of canopy
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drag at different scales (e.g. Tanino and Nepf (2008) and Luhar and Nepf (2013)),
flexible canopies resembling vegetation (e.g. Denny and Cowen (1997), Dijkstra and
Uittenbogaard (2010), and Luhar and Nepf (2011)), and examining the flow adja-
cent to canopies (e.g. White and Nepf (2007) and Rominger and Nepf (2011)). The
majority of the previous work has focused on the flow features considering homoge-
neous canopies consisting of elements of equal height and cross section. The effect
of canopy element heterogeneity on the discussed flow features is far from being well
understood and quantified. A recent study by Bai et al. (2015) considered a canopy
homogeneous in height but consisting of multiple fractal trees and used PIV in a
refractive-index-matching channel to identify the effect of such multi-scale elements
on the horizontal turbulent transport within canopies. They found that fractal trees
increased dispersive stresses and generated wakes that resemble their shapes.
1.3 Objectives of the Current Study
1.3.1 Flow over Wavy Walls
As pointed out earlier, there is a gap in the literature on the impact of topography
three-dimensionality in different flow regimes. While a large body of work exists
regarding developed turbulent flow over 2D wavy walls, the effects induced by the
three-dimensionality of the topography remain an open question. In the case of tur-
bulent flow development and transition to turbulence, studies on both distributed
2D and 3D topographies are needed to advance the field from singular element to
more complex and realistic scenarios. This work aims to address these open ques-
tions with simplified low-order topographies that would allow future modelers and
experimentalists to duplicate the results presented here and expand upon them.
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1.3.2 Canopy Flow
The distinctive impact of canopy geometry on the mean flow and turbulence dy-
namics is a problem far from being fully characterized or understood. Refractive-
index-matching enables unique measurements within the canopy and allows for the
investigation of the impact of heterogeneities. In this work, we focus on homoge-
neous and heterogeneous canopies that share the same density, element geometry,
and mean height. The flow is characterized within various fields of view spanning
the entire length of the canopies allowing for the study of impact of the height het-
erogeneity on flow adjustment and mixing layer growth under various submergence
depths.
12
Chapter 2
Experiments
2.1 Channel
The experiments were conducted in a 2.5 m long, 0.11 m wide, 0.22 m high, recircu-
lating, refractive-index-matching channel. The channel (shown in figure 2.1) can be
operated in free surface with the above dimensions or as a duct with 0.11 × 0.11 m2
cross section. The working fluid is conditioned through a series of meshes including a
round-cell honeycomb and multiple perforated plates stationed within a contraction
section (4.375:1 area ratio) preceding the test section; further details of the channel
can be found in Blois et al. (2012). Sodium iodide solution (∼63% by weight) was
used as the working fluid, and its refractive index was, through careful temperature
control, fine-tuned to match that of the models. Matching the refractive index of the
fluid with that of the models renders them invisible allowing full optical access with
minimized reflections and distortions. This also allows for measurements to be made
in the region in close proximity to the wall. The solution has a density ρo = 1800 kg
m−3 and a kinematic viscosity ν ' 1.1 × 10−6 m2 s−1. A similar approach was used
by Uzol et al. (2002) to study the flow within a turbo-pump, and a key technical note
on the technique is given by Bai and Katz (2014).
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Figure 2.1: Refractive-index matching channel with the 3D topography along the
side wall. A typical PIV setup is used to capture the flow field.
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2.2 Wavy Wall Experiments
2.2.1 Topography
For the purpose of refractive index matching, the 2D and 3D wavy walls were cast
from urethane resins using hydrodynamically smooth molds. The 2D wavy wall is
characterized by a sinusoidal wave in the streamwise direction (x) with a wavelength
λx = 100 mm and an amplitude to wavelength ratio a/λx = 0.05. The 3D wall is
characterized with an additional superimposed wave on the 2D wall in the spanwise
direction (y) with wavelength λy = 50 mm and the same amplitude as the 2D wall
(a/λy = 0.1). The wavy walls geometry σ(x, y) is shown in figure 2.2.
2.2.2 Developed Flow
For this case, the wavy walls were attached to the side wall of the RIM channel,
spanning its length as shown in figure 2.2. The wavy walls were proceeded by a
100 mm long flat plate with an elevation equal to that of the average wave elevation
resulting in a smooth connection; the flat plate had an elliptical leading edge to mini-
mize flow disturbances. Flow-field characterization was performed at ∼15 streamwise
wavelengths from the inlet, where the flow approaches developed conditions. Wall-
normal planar measurements were made at the center of the channel in the 2D wall
and slightly off-center for the 3D wall such that the plane coincided with the troughs
and peaks (see figures 2.2b and 2.2c). Additional wall-parallel measurements were
obtained for the 3D wall at heights z/a ' 0, 1/2 and 1.2 to further capture the 3D
flow features of this complex case. The flow over each wall was measured at two
Reynolds numbers (Re) spaced a decade apart. The Reynolds numbers, calculated
based on the channel half height H/2 and the bulk velocity Ub as in Hudson et al.
(1996)(see equation 2.1), were 3840 ('4,000, hereon referred to as the low Re case)
and 38,400 for the 2D wall and 36,000 for the 3D wall ('40,000, high Re case). At
15
Figure 2.2: Schematics of the experimental setup for the developed flow
experiments: (a) channel and basic PIV components (wall-normal configuration);
(b) a section of the 2D wavy wall with the wall-normal plane; (c) a section of the
3D wavy wall with the wall-normal plane; (d) a section of the 3D wavy wall with
one of the wall-parallel planes (z/a ' 0.5).
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the measurement location, the boundary layer thickness δ99 ' 0.85(H/2), and the
wave amplitude to boundary layer thickness ratio a/δ99 ' 0.11.
Ub =
∫ λx
0
∫ H/2
σ
Udzdx∫ λx
0
∫ H/2
σ
dzdx
(2.1)
Here, U = 〈u〉 is the time-averaged streamwise velocity.
The velocity field measurements were obtained with a planar particle-image ve-
locimetry system from TSI. The working fluid was seeded with 14 µm silver-coated
hollow glass spheres with a density of 1700 kg m−3. A 250 mJ/pulse double-pulsed
laser (Quantel) was used to illuminate the field of view (FOV) of an 11MP (4000 x
2672 pixel) 12 bit frame-straddled CCD camera. For the wall-normal measurements,
the laser sheet was 1 mm thick and the field of view was 160 mm × 107 mm. Ten
thousand (104) image pairs were collected for each wall-normal case (2D and 3D walls
at low and high Re) at a frequency of 1 Hz. Image pairs were interrogated with a
recursive cross-correlation method using the Insight 4G software package from TSI.
The final interrogation window was 16 × 16 pixels with 50% overlap resulting in a
final vector grid spacing ∆x = ∆z = 350 µm. A summery of these experimental
parameters and the corresponding ones for the wall-parallel planes are reported in
table 2.1.
2.2.3 Developing Flow
Two cases are considered for the study of the turbulent boundary layer development
over periodic 2D and 3D large-scale topographies. In the first case, the amplitude
to incoming boundary layer thickness a/δ0 = 0.12 (figure 2.3a); whereas in the sec-
ond a/δ0 = 0.81 (figure 2.3b). The wavy walls were attached to the side wall of the
RIM channel and preceded by a flat plate of lengths 17λx and 1.8λx, resulting in
a/δ0 = 0.12 and 0.81, respectively. The plate had the same elevation as the average
17
Measurement plane Case
Number of 
realizations
FOV 
(mm X mm)
Final interrogation 
window (pixels)
Vector spacing 
(µm)
Wall-normal 2D 10,000 160 X 107 16 X 16 350
Wall-normal 3D 10,000 160 X 107 16 X 16 350
Wall-parallel
(z/a ≈ 1.2)
3D 5,000 144 X 96 16 X 16 290
Wall-parallel
(z/a ≈ 0.5)
3D 2,000 145 X 97 16 X 16 290
Wall-parallel
(z/a ≈ 0)
3D 5,000 146 X 98 32 X 32 590
Table 2.1: PIV experimental parameters for the developed flow over the 2D and 3D
wavy walls at the low and high Re.
height of the wavy wall ensuring a smooth connection. Here, δ0 denotes the incoming
boundary layer thickness (height where the velocity is 99% of the free stream veloc-
ity U0) measured in the vicinity of the topography transition point, i.e., x = 0. As
illustrated in figure 2.4a, an elliptical leading edge was used to minimize disturbances
to the flow. Measurements were made at approximately the center of the channel in
a spanwise-oriented, wall-normal plane extending from the topography transition to
x/λx ' 3 as shown in figure 2.4. The measurement plane in the 3D case is chosen
such that the topography profile within the plane matches that of the 2D case. This
plane captures the minimum and maximum elevation of the wall, such that the largest
effects of the topography on the boundary layer are expected within this plane. It
is noted that volumetric, stereoscopic, or multi-plane measurements are needed for a
full description of the flow and to ensure that the results presented in this dissertation
are representative of the flow field at other spanwise locations especially for the 3D
topography. However, the chosen measurement plane is sufficient to provide initial
insight into the impact of the physical scale and three dimensionality of the topogra-
phy on the flow field. The flow was characterized at Reynolds number Re ' 40,000,
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Case Topography Uo (m s
-1) uτ (m s
-1) Re
Vector grid
spacing 
(µm)
a/δ0 = 0.12
2D 0.86 0.032 41,200 380
3D 0.86 0.032 41,200 380
a/δ0 = 0.81
2D 0.77 0.027 36,900 380
3D 0.77 0.027 36,900 390
Table 2.2: Summary of the experimental parameters for the developing flow case.
based on the channel half height H/2 and U0. This Reynolds number matches the
high Re in the developed flow experiments, allowing for insightful comparisons. The
experimental parameters are given in table 2.2, and the conditions of the incoming
boundary layer are highlighted in figure 2.5. There, the time-averaged streamwise
velocity U/U0, the turbulence intensity σu/U0, and the total shear stress
τ
ρ
= ν
∂U
∂z
− 〈u′w′〉 (2.2)
are shown at x = 0. These profiles are reported from measurements made specifically
to characterize the incoming flow and as such x = 0 was followed by a flat plate. The
maximum total stress was used to estimate the friction velocity uτ at x = 0 (e.g.,
Flack et al., 2005; Wu and Christensen, 2007). Here, 〈.〉 denotes temporal averaging
such that U = 〈u〉 and primes denote fluctuations from the mean, i.e., u′ = u−U . It
is noteworthy that in the a/δ0 = 0.81 case, the incoming boundary layer was in the
final stages of transition where the shape factor value (not shown here, for brevity)
leveled off substantially and had a value of 1.5 at x = 0. Given these conditions,
the boundary layer is considered turbulent (e.g., Wu and Moin, 2009). As seen in
figure 2.5, the incoming flow had turbulence intensity σu/U0 = 7.5% and 3.8% at the
crest height for a/δ0 = 0.12 and 0.81.
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Figure 2.3: Experimental cases considered for the developing flow case: (a)
a/δ0 ' 0.1; (b) a/δ0 ' 0.8.
Similar to the case of the developed flow, a planar PIV system from TSI consisting
of an 11 MP (4000 × 2672 pixels), 12 bit, frame-straddle, CCD camera and a 150
mJ/pulse, double pulsed laser (Quantel) was used for the flow field characterization.
Measurements were made in two adjacent fields of view with a small overlap (see
figure 2.4). The two fields of view covered approximately 3λx (300 mm). For each
of the cases indicated in table 2.2, 5000 image pairs per FOV were collected at 1 Hz
and later interrogated using a recursive Hart cross-correlation method via Insight 4G
software package from TSI. The interrogation window had an initial size of 64×64
pixels and a final size of 16×16 pixels resulting in the vector grid spacing reported in
table 2.2. The recursive process included local vector validation based on median tests
performed on 5 × 5 and 3×3 grids and signal-to-noise thresholds aimed at ensuring
high quality vector fields with & 97% valid vectors in each field, on average.
2.2.4 Transition to Turbulence
To study the transition to turbulence over the 2D and 3D topographies, flow measure-
ments were made in a streamwise wall-normal (x− z) plane with a spanwise location
corresponding, approximately, to the channel center. PIV measurements with sim-
ilar parameters to the ones discussed earlier resulted in a final vector grid spacing
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Figure 2.4: Schematics of the experimental setup for the developing flow case: (a)
channel section and basic PIV components for a/δ0 = 0.81; (b) and (c) sections of
the 2D and 3D wavy walls with the measurement planes.
21
Figure 2.5: Incoming boundary layer statistics for the developed flow case. a)
time-averaged streamwise velocity U/U0, b) turbulence intensity σu/U0, c) total
stress τ/(ρu2τ ) for a/δ0 = 0.12. (e), (f), (g) indicate the same statistics for the
a/δ0 = 0.81 case. The dashed horizontal line indicates the relative height of the
topography crest.
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∆x = ∆z = 300 µm. The topographies were preceded by a short flat plate with an
elliptical leading edge (0.18 m for the 2D and 0.1 m for the 3D). In order to capture
the location of flow transition and the flow behavior leading to it, flow measurements
over the 2D wall were made in six consecutive fields of view extending from the en-
trance region to x/λx = 8.5. For the 3D topography, flow measurements are reported
in three FOVs around the location of the turbulent transition, which was found with
exploratory measurements. The flow transition was studied with a free stream veloc-
ity of U∞ = 0.09 m s−1 yielding a Reynolds number based on the channel half height
Reh = 4600 (low Re). The roughness Reynolds number Rek = Ukk/ν = 323 and 341
for the 2D and 3D topographies, where, k is taken as the amplitude of the wavy walls.
The ratio of roughness height to the incoming boundary layer thickness k/δ99 = 0.56
and 0.6 for the 2D and 3D models. To gain further insight, the flow field over the 3D
topography was characterized at five other free stream velocities spanning the range
0.07−0.15 m s−1. For both topographies, 2000 PIV realizations were collected in each
FOV. The small difference in the flat plate length preceding the two topographies did
not lead to significant differences as seen in Rek and k/δ99. The Rek is comparable to
that of Downs et al. (2008) and Kuester and White (2015) for the flow transition past
a patch of distributed roughness. The relatively large amplitude of the topography
allows for spatially well-resolved measurements within it. However, it is important to
note that given this relatively large topography height, the geometry of the roughness
becomes a key component in defining the flow. In the literature, the effect of k/δ99
on the transition to turbulence is mostly encompassed in Rek. Further investigation
of this effect is needed and is the subject of current research (e.g., Bernardini et al.,
2014). Finally, it is noteworthy that preliminary experiments over a smooth flat wall
and under the same flow conditions indicated that the undisturbed flow remained
laminar across the entire length of the test section.
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2.3 Canopy Experiments
The flow within and above homogeneous and heterogeneous canopies was experi-
mentally studied in the RIM channel operated in open channel configuration. The
coordinate system is defined such that x, y, and z denote the streamwise, wall-normal,
and spanwise direction with x = 0 at the canopy leading edge. The canopy models
consisted of acrylic square bars with side d = 6.4 mm arranged in a staggered con-
figuration (see figure 2.6a). The elements of the homogeneous canopy had a height
h = 37.5 mm; whereas the heterogeneous canopy consisted of elements with heights
h1 = h + 1/3 h = 50 mm and h2 = h − 1/3 h = 25 mm arranged in an alternating
manner such that two rows of height h1 were followed by two rows of height h2. The
average element height for the heterogeneous model was then h¯ = h = 37.5 mm, i.e.,
the same as that of the homogeneous case. Figure 2.6b illustrates the geometry of
both canopy models and highlights the equivalence of their average element height.
Both canopy models spanned the entire width of the channel, had a length L =
21.3h, and were placed 28h from the inlet. The total frontal area facing the flow is
equal for both canopies, resulting in a roughness density (defined as the total frontal
area per bed unit area (Finnigan, 2000)) λf = 1.2, and categorizing the canopies as
dense. The frontal area per canopy volume is a = nsd = 32 m
−1 for the homoge-
neous canopy, whereas for the heterogeneous one a = 32 m−1 and 16 m−1 below and
above h2. Here, ns denotes the number of elements per bed unit area. The canopy
solid volume fraction φ (also referred to as area blockage) was set at 20% for both
models. RIM renders the canopies nearly invisible allowing for unobstructed optical
access. Measurements within the canopy would have not been possible without this
technique.
Flow field measurements were acquired at three different locations spanning the
entire length of the canopy models. The measurements were made in a streamwise
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Figure 2.6: Homogeneous and heterogeneous canopy models. (a) plan view of the
models with element spacing and geometry, the dashed line marks the location of
the streamwise wall-normal (x− y) measurement plane. (b) schematic highlighting
the elements height for both models (h = 37.5 mm, h1 = 50 mm, h2 = 25 mm).
Parameter Homogeneous Canopy Heterogeneous Canopy
H/h 2 3 4 2 3 4
U∞ (m s
-1) 0.10 0.11 0.09 0.09 0.11 0.09
uτ (m s
-1) 0.023 0.018 0.016 0.029 0.021 0.016
ReH 6,800 11,300 12,300 6,100 11,300 12,300
Reτ 780 610 550 990 720 550
Fr 0.12 0.10 0.07 0.10 0.10 0.07
Table 2.3: Basic flow variables and non-dimensional parameters for the two canopy
models.
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wall-normal (x− y) plane at the center between canopy elements, as indicated by the
dashed line in figure 2.6a. This location corresponds approximately to the channel
midspan and was chosen as a representative plane of the flow within the canopy. It
is important to acknowledge that the flow fields presented in this dissertation are
expected to vary laterally; however, the chosen measurement location is sufficient
to provide insight into the effect of height heterogeneity on the flow turbulence.
Further investigation on the lateral variations of the flows is provided in the results
section through complementary wall-parallel measurements. Each model was studied
under three submergence depths H/h = 2, 3, 4 and turbulent, subcritical flow with
Reynolds numbers ReH = U∞H/ν and the Froude numbers Fr = U∞/
√
gH given in
table 2.3. Here, U∞ denotes the incoming free-stream velocity preceding the canopy
models and g is the standard gravity. Note that Re and Fr vary between cases
predominantly due to the variation in flow depth, H, and the small changes in U∞
were not dynamically significant. The incoming boundary layer had a thickness δ99 '
0.5h. The flow approached the fully developed condition by the end of the canopy
models allowing for the estimation of the friction velocity at the top of the canopy
uτ = max〈u′v′〉1/2. The roughness Reynolds number Reτ = uτh/ν is consequently
calculated and reported in table 2.3 along with uτ and other flow parameters. Using
〈u′v′〉 at the canopy height is common for the estimation of the friction velocity for
homogeneous canopies (Poggi et al., 2004; Nezu and Sanjou, 2008; Chen et al., 2013).
For the heterogeneous canopy, the friction velocity is defined at the location of the
maximum 〈u′v′〉 at ≈ h1. As for Reτ , the average canopy height h is used as the
representative length scale.
A planar PIV system from TSI (similar to the one described earlier) was used for
velocity field measurements in three fields of view spanning the entire length of the
canopy models. The three FOVs (∼6h× 2h, ∼6h× 3h, and ∼6h× 4h) were captured
by an 11 MP (4000×2672 pixels), 12 bit, frame straddled, CCD camera (see figure 2.7
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Figure 2.7: Schematics of the experimental setup illustrating the basic PIV
components and the three streamwise wall-normal (x− y) measurement planes for
the heterogeneous canopy model.
for schematics of the experimental setup). Four thousand image pairs were collected
for each FOV at a frequency of 1 Hz. The image pairs were interrogated with a
recursive cross-correlation method using the Insight 4G software package from TSI.
The final interrogation window was 16 × 16 pixels with 50% overlap, resulting in a
final vector grid spacing ∆x = ∆y = 500 µm. The same planar system and technique
were used to acquire complementary measurements in a wall-parallel plane located
at an elevation y/h ' 0.6. The wall-parallel measurements were made within the
third FOV at H/h =3 but at a higher resolution leading to a final vector grid spacing
∆x = ∆z = 320 and 210 µm for the homogeneous and heterogeneous canopies.
Overall, 40,000 velocity fields were collected for each canopy model.
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Chapter 3
Results
3.1 Flow over Wavy Walls
3.1.1 Developed Flow
The turbulence dynamics of the flow over the wavy walls are strongly coupled with
the large-scale wall topography and Reynolds number. To illustrate this, one of the
instantaneous velocity vector fields (uiˆ+wkˆ, u and w are the instantaneous streamwise
and wall-normal velocities, iˆ and kˆ indicate the unit vectors in the streamwise and
wall-normal directions) is shown in figure 3.1 for each case (2D and 3D wall, low and
high Re). The streamwise and wall-normal coordinates, x and z, are scaled by the
streamwise wavelength λx and the channel height H; while the instantaneous velocity
is normalized by the bulk velocity Ub. In this study, outer scaling is chosen to highlight
the large-scale nature of the topography and its correspondence to geophysical-scale
flows.
The instantaneous planar velocity fields, shown in figure 3.1, suggest richer, more
complex and more vertically distributed dynamics for the 2D case at high Reynolds
number. Flow reversal in the trough region downstream of the crest is only apparent
for the 2D case at the low Re. Careful inspection of a large set of instantaneous fields
indicates the occurrence of instantaneous velocity bursts originating within the region
of flow reversal and directed upward into the direction of the bulk flow. A similar
observation was described in Cherukat et al. (1998) for the flow over an a/λx = 0.05
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Figure 3.1: An instantaneous velocity vector field (uiˆ+ wkˆ)/Ub (one field out of the
ten thousand, every fourth vector in each direction is shown). As a reference, the
magnitude of Ub is shown on the left of each field. (a) 2D wall, low Re (Ub = 0.08 m
s−1); (b) 2D wall, high Re (Ub = 0.80 m s−1); (c) 3D wall, low Re (Ub = 0.08 m
s−1); (d) 3D wall, high Re (Ub = 0.75 m s−1).
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Figure 3.2: Non-dimensional time-averaged streamwise velocity fields U/Ub: (a) 2D
wall, low Re; (b) 2D wall, high Re; (c) 3D wall, low Re; (d) 3D wall, high Re, and
time-averaged streamwise velocity profiles near the wavy wall: (e) low Re; (f) high
Re; 2D wall in black and 3D wall in red.
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2D wavy wall at Re = 3460. Remarkably, the instantaneous flow field over the 3D
wavy wall shows reduced turbulence levels at the low Re, while all the other cases
show intense turbulence dynamics extending up to z/H ' 0.35. This difference in
turbulence dynamics is the first indication of the strong coupling between the flow
and wall topography.
The respective time-averaged streamwise velocity fields U , presented in figure 3.2,
provide the effects of the topography and Reynolds number on the mean flow. These
first-order statistics reveal a net recirculation bubble downstream of the crest only for
the 2D wall at the low Re. The flow detachment and reattachment points occur at
x/λx ∼ 0.25 and x/λx ∼ 0.65. These locations compare favorably with experiments
of Hudson et al. (1996), in which the detachment and reattachment points were found
at x/λx ∼ 0.3 and ∼ 0.5 for a 2D wavy wall with a/λx = 0.05 at Re = 3380. The
absence of flow reversal in the 2D wall at the high Re (figure 3.2b) was also observed
by Zilker and Hanratty (1979) at Re = 30000 for an a/λx = 0.05 2D wall. The
streamwise variability of the mean flow for heights z/H < 0.25 over the 2D wall
appears to be in phase with the wall geometry (σ) for the high Re (figure 3.2b), and
out-of-phase for the low Re (figure 3.2a). In this case, the offset could be explained
by the presence of the recirculation bubble that acts as a blockage (no net mean flow).
Figures 3.2(c) and 3.2(d) show that the local effects of the 3D wall topography on
the mean streamwise velocity are confined within a lower z/H region. Furthermore,
single point streamwise velocity profiles within z/H < 0.15 for all the cases along one
wavelength are shown in figure 3.2(e) and 3.2(f) to compare the effect of compact
topographic features and Re on the mean flow.
The time-averaged wall-normal velocity componentW = 〈w〉 reveals similar general
patterns across the different cases. As illustrated in figure 3.3, a region of relatively
high upward velocity occurs close to the wall and near the crest where ∂σ/∂x > 0,
while a downward velocity region appears past the crest. The region of negative wall-
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Figure 3.3: Non-dimensional time-averaged wall-normal velocity W/Ub: (a) 2D wall,
low Re; (b) 2D wall, high Re; (c) 3D wall, low Re; (d) 3D wall, high Re.
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Figure 3.4: Turbulent kinetic energy TKE = 〈u′2 + w′2〉 /2U2b fields: (a) 2D wall,
low Re; (b) 2D wall, high Re; (c) 3D wall, low Re; (d) 3D wall, high Re, and TKE
profiles near the wavy walls: (e) low Re; (f) high Re; 2D wall in black and 3D wall
in red.
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Figure 3.5: Time-averaged signed and non-dimensional swirling strength. (a) 2D
wall, high Re; (b) 3D wall, high Re.
normal velocity in the 2D case at the low Re is extended and pushed downstream
due to the presence of the recirculation bubble. In-plane balance between the upward
and downward velocities is achieved in the 2D case (Figs. 3.3a and 3.3b) due to the
2D nature of the wall. However, this balance does not hold for the 3D wall at either
Reynolds number (Figs. 3.3c and 3.3d), which evidences a non-zero out-of-plane
mean flow distribution. This is another distinctive feature appearing with spanwise
variability of large-scale topographies and will be further illustrated and discussed in
the wall-parallel measurements over the 3D wall.
The differences in the flow dynamics between the 2D and 3D wavy walls are further
highlighted from the spatial distribution of the second-oder statistics. The turbulent
kinetic energy TKE = 〈u′2 + w′2〉 /2U2b , shown in figure 3.4, exhibits significant differ-
ences in magnitude and spatial distribution for the various geometries and Reynolds
numbers. The superposition of a secondary wave in the spanwise direction on the
2D wall results in one order of magnitude reduction of the TKE at the low Re, and
a milder decrease at high Re. The region of enhanced turbulence levels in the 2D
case is a mark of a well-structured shear layer that resides in the region between two
crests. In the 3D case, a similar shear layer is observed only for the high Re, while at
the low Re the TKE distribution is remarkably different and does not resemble that
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of the other three cases. The enhanced turbulence levels along a distinctive layer over
the crest (3D, low Re) are a result of the transition to turbulence process described
in section 3.1.3. Like the case of the time-averaged streamwise velocity, 1D profiles
of the TKE within z/H < 0.15 along one wavelength (shown in figure 3.4e and 3.4f)
provide further evidence of an internal shear layer and reduction of TKE in the 3D to-
pography. We observe that the 3D wall limits the dynamics of the spanwise vorticity,
which results in lower levels of TKE. This is also suggested from the time-averaged
fields of signed swirling strength (±)Λci in the spanwise direction illustrated in figure
3.5 for the high Re cases. The Λci is the magnitude of the imaginary part of the
complex eigenvalues of the velocity gradient tensor (Zhou et al., 1999) and the sign
indicates orientation of the swirl (Wu and Christensen, 2006); here, Λci is normalized
by λx and Ub. The observed reduction in spanwise vorticity for the 3D wall is due to
the presence of spanwise flow in the form of preferential paths of increased momen-
tum; this is a feature of the 3D wall that will be further discussed through the results
from wall-parallel plane measurements. This considerable impact of the large-scale
wall topography on the turbulence levels and distribution (over the entire boundary
layer) is a major feature of critical relevance in geophysical-scale processes.
The Reynolds shear stress −〈u′w′〉 /U2b is shown in figure 3.6. Like the TKE, large
differences in magnitude and distribution of the Reynolds shear stress are observed
across Reynolds number and wall geometry. For the 2D wall at the low Re, the region
of high Reynolds shear stress that is associated with the shear layer resides roughly
between x/λx ∈ [0.2, 0.8] and z/H ∈ [0, 0.1] with a peak at (x/λx, z/H) ' (0.6, 0.03).
Negative Reynolds stress occurs near the wall between x/λx ∼ 0.5 and x/λx ∼ 1.
Similar Reynolds stress features for the same wall and at a comparable Re were
reported by Hudson et al. (1996) and Cherukat et al. (1998). They pointed that
the negative Reynolds shear stress near the wall is an artifact of using a Cartesian
coordinate system and would assume positive values if the stress was calculated in
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Figure 3.6: Reynolds shear stress −〈u′w′〉 /U2b : (a) 2D wall, low Re; (b) 2D wall,
high Re; (c) 3D wall, low Re; (d) 3D wall, high Re.
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Figure 3.7: Turbulent kinetic energy production Etk: (a) 2D wall, low Re; (b) 2D
wall, high Re; (c) 3D wall, low Re; (d) 3D wall, high Re.
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a curvilinear coordinate system. The 3D wall at the same low Re exhibits nearly
two order of magnitude lower stress and a significantly different distribution. At
the high Re, a region of high Reynolds stress associated with the shear layer was
observed for both walls. However, the shear layer for the 3D wall extends beyond
the following crest and interacts with the shear layer that forms at the downstream
crest, modulating the Reynolds stress distribution further.
The distribution of the velocity field, velocity variance and Reynolds stress allow
accurate determination of the time-averaged rate of TKE production Etk in the 2D
case, and to provide an estimation for the 3D wall. The Etk is shown in figure 3.7
and calculated following Hudson et al. (1996) and Kruse et al. (2006), as follows:
Etk = −〈u′w′〉 ∂U
∂z
− 〈u′2〉 ∂U
∂x
− 〈u′w′〉 ∂W
∂x
− 〈w′2〉 ∂W
∂z
. (3.1)
Hudson et al. (1996) pointed that the mean flow does not vary in the y-direction
for the 2D wavy wall, so equation 3.1 accurately reflects the TKE production rate.
Based on our planar measurements, the equation provides the best available estimate
of Etk for the 3D case. In line with the trends observed in the other quantities,
the Etk, normalized by U
3
b /λx, is approximately two order of magnitude lower in the
3D case at low Re. Although not as intense, the decrease of Etk at the high Re is
also significant. A sink of Etk was observed in all the cases near the crest where
∂σ
∂x
> 0. As suggested by Hudson et al. (1996); Cherukat et al. (1998) and others, the
turbulence for 2D wavy walls is produced and maintained by the presence of a shear
layer that forms just downstream of the crest. This shear-layer-associated turbulence
production for 2D walls is observed in Figs. 3.7(a) and 3.7(b). A similar Etk behavior
is observed for the 3D wall, but only at the high Re. Overall, the Etk distribution
suggests that turbulence production is highly dependent on the nature of the large-
scale topography, and its magnitude and distribution drive the distinctive features of
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Figure 3.8: Profiles of the Reynolds stress −〈u′w′〉 distribution normalized by the
shear velocity uτ . 2D case, High Re. Symbols represent: (o) x/λx = 0; (.)
x/λx = 0.1; () x/λx = 0.2; (/) x/λx = 0.3; (4) x/λx = 0.4; (∗) x/λx = 0.5; (−)
x/λx = 0.6; (×) x/λx = 0.7; () x/λx = 0.8; (5) x/λx = 0.9.
the flow.
The significant decrease of Etk and the 〈u′w′〉 distributions of the flow in the 3D
case across Reynolds number strongly suggests a net drag (skin friction) reduction
when compared to the 2D case. An estimate of the average wall shear can be obtained
by extrapolating −〈u′w′〉 from the outer layer (Hudson et al., 1996) , where all the
vertical profiles along x collapse, to z = 0. To illustrate this, figure 3.8 shows the
vertical distributions of −〈u′w′〉 at various streamwise locations covering the entire
wavelength. Using this method for the high Re scenarios, the ratio between the shear
velocities of the 3D and 2D cases u3Dτ /u
2D
τ ' 0.83, leads to a ratio of the wall shear
stress τ 3Dw /τ
2D
w = (u
3D
τ /u
2D
τ )
2 ' 0.7, i.e., ' 30% wall shear stress reduction. This
significant phenomenon is of critical relevance in the dynamics of scalar transport in
natural terrains (e.g. sediment transport in desert and fluvial areas).
The second-order turbulence statistics shown earlier evidence large variations con-
ditioned by the local topography, defining an inner region. The extent of this region
is highly dependent on the Re and topographic features of the wall. As illustrated
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Figure 3.9: Cumulative energy of the first 200/2000 POD modes.
Figure 3.10: Wall-parallel turbulence statistics just above the tip of the 3D wavy
wall (z/a ' 1.2) for the high Re. (a) Time-averaged streamwise velocity U/Ub; (b)
Time-averaged spanwise velocity V/Ub; (c) Turbulent Kinetic Energy (u
′2 + v′2)/2;
(d) Reynolds shear stress −〈u′v′〉 /U2b .
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Figure 3.11: Wall-parallel turbulence statistics within the 3D wavy wall (z/a ' 0.5)
for the high Re. (a) Time-averaged streamwise velocity U/Ub; (b) Time-averaged
spanwise velocity V/Ub; (c) Turbulent Kinetic Energy (u
′2 + v′2)/2; (d) Reynolds
shear stress −〈u′v′〉 /U2b .
in figure 3.8, the inner region for the 2D wall at the high Re extends to z/H ' 0.12.
At the low Reynolds number, the inner region extends to z/H ' 0.2 which com-
pares with Cherukat et al. (1998) who estimated the inner region to extend up to
z/H ∼ 0.25 for an a/λx = 0.05, 2D wavy wall at Re = 3460. The inner region for the
3D wall extends to z/H ' 0.18 at the high Re. Due to the presence of instabilities
at the low Re, the inner region appears to extend more. The increase in the inner
region is possibly due to the extension of the shear layer across two crests in the high
Re case (figure 3.6d) and the spatial variability of the spanwise momentum (shown
later) due to the 3D nature of the wall.
In addition to altering the mean flow, TKE and its production, Reynolds shear
stress, and the extent of the inner region among others, the 3D wall alters the struc-
tures and scales exhibited by the flow. To gain insight into the effect of the Re
and wall topography on the energetic modes of the flow, snapshot proper orthogonal
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decomposition (POD) was performed following Sirovich (1987). For detailed infor-
mation regarding POD and its implementation, the reader is referred to the work of
Lumley (1970), Sirovich (1987), and Berkooz et al. (1993). To assure convergence of
the results, a subset of 2000 fluctuating velocity fields for each of the four cases (both
walls, both Re) was used to perform the analysis. The contribution of each mode
to the turbulent kinetic energy is represented by the ratio of the energy associated
with that mode to the total energy of all modes; the cumulative energy associated
with the first 200 modes for each case is shown in figure 3.9. A comparison between
the two Re cases for the 2D wavy wall shows, as expected, faster energy convergence
for the low Re suggesting that the higher Re case exhibits a wider range of energetic
modes. A comparison across wall topography at the high Re shows that increasing
the complexity of the wall (by superimposing a wave in the spanwise direction) leads
to a wider range of energetic modes associated with different structures and scales.
For the 2D wall at the high Re, the first ∼30 modes contributed 50% of the total
energy compared to ∼50 modes for the 3D wall. Furthermore, careful review of the
energy-containing modes of the streamwise fluctuations for both cases (not shown
here for brevity) showed similar structures across the two walls for the first three
modes. However, these structures for the 3D topography were located further away
from the wall and exhibited shorter streamwise extension but similar spacing. It is
worth pointing that Sen et al. (2007) also observed that the first two modes were fur-
ther from the wall for an egg-carton roughness; however, this was in comparison to a
smooth plate and for a much lower roughness-to-boundary layer thickness ratio. Sig-
nificant structural differences starting at the fourth mode were observed, suggesting
that the 3D wall exhibits different energetic scales and turbulent structures. Finally,
the POD analysis shed more light on the instability observed over the 3D wall at the
low Re. As shown in figure 3.9, the first 4 modes constituted more than 80% of the
cumulative energy and they were associated with structures residing above the wall
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Figure 3.12: Wall-parallel turbulence statistics at z/a ' 0 in the 3D wavy wall for
the high Re. (a) Time-averaged streamwise velocity U/Ub; (b) Time-averaged
spanwise velocity V/Ub; (c) Turbulent Kinetic Energy (u
′2 + v′2)/2; (d) Reynolds
shear stress −〈u′v′〉 /U2b .
in the region corresponding to the high TKE band shown in figure 3.4(c). Section
3.1.3 is dedicated to study this phenomenon as a function of wall topography and Re
in more detail.
The distinctive large-scale flow patterns and turbulence dynamics present in the
3D topography are further highlighted in the selected wall-parallel flow statistics
illustrated in Figs. 3.10, 3.11 and 3.12 for the high Re. For brevity, the low Re coun-
terpart is not shown; the time-averaged streamwise and spanwise velocities, U and
V , showed similar behavior as the high Re. However, much lower turbulence levels
were observed for the low Re. Figure 3.10 shows the topography modulation on the
mean flow and high-order statistics extending over the crests. Preferential (curved)
paths of increased streamwise velocity, highlighted by the streamlines shown in fig-
ure 3.10(a), naturally develop due to the topography. Furthermore, relatively high,
organized and localized spots of spanwise velocity (reaching ±0.1Ub) are alternately
distributed around each 3D crest inducing a highly heterogeneous mass flux over the
wall. Relatively high turbulence spots are formed mainly around the crests (figure
3.10c); however, elongated anti-symmetric shear stress occurs upstream of each crest
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(figure 3.10c). These flow features are developed within the 3D topography as illus-
trated in the wall-parallel plane z/a = 1/2 (figure 3.11). Momentum deficit occurs
behind each ’hill’ and extends downstream to the next one. This momentum deficit
induces net pressure variations around each hill and, consequently, lateral mass flux
and heterogeneous wall shear stress. High turbulence levels form in the vicinity of the
hills and are shed downstream along with the kinematic shear stress. Furthermore,
at elevation z/a = 0, the streamwise velocity and turbulence intensity still exhibit
consistent, well-structured and symmetric patterns; while the spanwise velocity and
turbulent shear show anti-symmetric behavior. The non-negligible magnitude of these
flow statistics at z/a = 0 marks the intense dynamics induced by the additional sinu-
soidal wave in the spanwise direction. It is worthy of notice that, in Figs. 3.10, 3.11,
and 3.12, dispersive stresses might play an important role.
The spanwise preferential flow highlighted in Figs. 3.10, 3.11, and 3.12 is a dis-
tinctive feature of the 3D wall and is responsible for the differences observed in the
inner region; specifically it leads to a vertical extension of the inner region for the 3D
wall. Furthermore, it provides an explanation for the much lower turbulence levels
discussed earlier for the 3D wall. The momentum injection due to the preferential
flow (see streamlines in Figs. 3.10, 3.11, and 3.12) reduces the wake size behind the
3D crests and leads to lower wake-associated turbulence.
3.1.2 Developing Flow
Mean flow field and integral parameters
The response of the mean flow field to an abrupt topography change is explored in
terms of the evolution of the boundary layer thickness (δ99/δ0), displacement (δ
∗/δ0)
and momentum (θ/δ0) thicknesses, as well as the shape factor (H
∗ = δ∗/θ) over the
wavy topographies. First, the streamwise velocity fields U/U0 for the four cases (two
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Figure 3.13: Non-dimensional time-averaged streamwise velocity U/U0: (a) 2D wall,
a/δ0 = 0.12; (b) 2D wall, a/δ0 = 0.81; (c) 3D wall, a/δ0 = 0.12; (d) 3D wall,
a/δ0 = 0.81.
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topographies and two a/δ0) are shown in figure 3.13. There, outer scaling is used to
highlight the large-scale of the topography and the vertical extent of its impact on the
flow field. In this figure and subsequent ones, the vertical white line indicates the edge
of the two FOVs and the horizontal dashed line marks the channel half height. The
two small rectangular regions at x/λx ' 0.6 and 2.6 are not resolved due to an optical
obstacle outside of the test section. A small recirculation region is formed within the
first trough in all cases except the case with the 3D wall and a/δ0 = 0.12. Past the
transition, the flow experiences consecutive regions of acceleration and deceleration
over the crests and troughs of the topography as dictated by continuity. This behavior
is comparatively milder over the 3D topography due to the spanwise variability of the
topography which induces lateral flows and relatively reduces the streamwise pressure
gradient. The vertical velocity fields W/U0, not shown here for brevity, exhibit similar
behavior to that in the developed region discussed earlier. Regions of upward and
downward flows reaching roughly 0.15U0 are present within the topography upstream
and downstream of the crests. The 2D topography exhibits a balance between the
upward and downward mean vertical flows; whereas the 3D topography lacks such
in-plane balance due to the presence of spanwise flow around each crest. As discussed
earlier, the lateral flows inject momentum into the wakes of the 3D hills resulting in
reduced turbulent kinetic energy production and a reduction of spanwise vorticity.
Further, the flat-plate boundary layer response to the topography is illustrated
in figure 3.14 in terms of the normalized boundary layer thickness δ99/δ0 over the
first three wavelengths following the topographic change. Here, δ99 denotes the local
boundary layer thickness measured from z = 0 to highlight the effect of the topogra-
phy on the incoming boundary thickness δ0. It is noted that if δ99 was measured from
z = σ, then the variations observed for the 2D case would be amplified. Overall, the
boundary layer experiences a much milder response to the 3D topography. δ0 remains
unchanged for the 3D wall with a/δ0 = 0.12. In contrast, the boundary layer over
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Figure 3.14: Boundary layer thickness δ99/δ0: (a) a/δ0 = 0.12; (b) a/δ0 = 0.81. 2D
wall in black and 3D wall in red.
the 2D wall exhibits large variations of ∼ 0.1δ0. Additionally, the effect of the 2D
wall is seen to extend upstream of the topography transition; this is in line with the
distribution of U/U0 in figure 3.13a where the contours begin to inflect ∼ 0.3λx up-
stream of the topography transition. For a/δ0 = 0.81, the boundary layer grew over
both topographies. In contrast with the 3D case, the growth over the 2D topography
is accompanied by large variations induced by the consecutive flow acceleration and
deceleration regions.
The boundary layer response to the topography is quantified through the displace-
ment thickness
δ∗ =
∫ 0.6H
σ
[
1− u(y)
U0,l
]
dy (3.2)
and momentum thickness
θ =
∫ 0.6H
σ
u(y)
U0,l
[
1− u(y)
U0,l
]
dy. (3.3)
Here, U0,l denotes the local free-stream velocity above the wall. The integration is
performed from the wall up to 0.6H where the impact of the topography on the flow
is negligible. These quantities, normalized by δ0 and shown in figures 3.15a,b for
47
Figure 3.15: Integral parameters of the boundary layer. (a) displacement thickness
δ∗/δ0 (solid line) and momentum thickness θ/δ0 (dashed line) for a/δ0 = 0.12. (b)
displacement thickness δ∗/δ0 (solid line) and momentum thickness θ/δ0 (dashed
line) for a/δ0 = 0.81. (c) shape factor H
∗ for a/δ0 = 0.12. 2D wall in black and 3D
wall in red.
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a/δ0 = 0.12 and 0.81, highlight the more pronounced effect over the 2D wall. In
the a/δ0 = 0.81 case, the acceleration over the crest of the 2D wall results in excess
momentum and, consequently, negative θ and δ∗ (figure 3.15b). The shape factor
H∗ = δ∗/θ for a/δ0 = 0.12 is shown in figure 3.15c; it is denoted by H∗ to distinguish
it from the channel height (H). The large variations of H∗ for both walls are indicative
of the response of the boundary layer to the topography. Due to the flow acceleration
and momentum excess above the crests in the a/δ0 = 0.81 case, the shape factor
for this case showed large variations that are not necessarily physical and thus it is
not shown in figure 3.15. The flow field and boundary layer characteristics, shown in
figures 3.13 - 3.15, highlight a relatively milder response to 3D topography compared
to the 2D one. Furthermore, a milder response is observed for both topographies in
the a/δ0 = 0.12 case. The milder response in the 3D case is attributed to the reduced
streamwise pressure gradient due the spanwise variability of the topography allowing
for an alternate path for the flow around the 3D hills.
Turbulent kinetic energy and Reynolds stress
As discussed in section 3.1.1, the shear layer, formed just downstream of the crests,
dominates the in-plane TKE production for both 2D and 3D wavy walls. Here, we
examine these quantities in the region immediately following the topographic change
to determine the impact of the topography three-dimensionality and physical scale
with respect to the incoming boundary layer height. The regions of enhanced TKE
and Reynolds stress downstream of the crests in figures 3.16 and 3.17 mark the shear
layer. For both a/δ0 ratios, the 3D topography exhibits relatively lower in-plane TKE
and Reynolds stress. This is also observed in the developed region and attributed to
the spanwise flows which limit the spanwise vorticity and reduce turbulence in the
wakes of the 3D hills. The stronger response discussed in the context of the mean flow
and boundary layer characteristics for a/δ0 = 0.81 is associated with larger TKE and
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Figure 3.16: Turbulent kinetic energy TKE = 〈u′2 + w′2〉 /2U20 : (a) 2D wall,
a/δ0 = 0.12; (b) 2D wall, a/δ0 = 0.81; (c) 3D wall, a/δ0 = 0.12; (d) 3D wall,
a/δ0 = 0.81.
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Figure 3.17: Reynolds shear stress −〈u′w′〉 /U20 : (a) 2D wall, a/δ0 = 0.12; (b) 2D
wall, a/δ0 = 0.81; (c) 3D wall, a/δ0 = 0.12; (d) 3D wall, a/δ0 = 0.81.
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Reynolds stress. The growth of an internal layer containing the TKE and Reynolds
stress associated with the topography can be inferred from figures 3.16 and 3.17. In
the case of a/δ0 = 0.81, this layer grows into the outer non-turbulent flow; whereas for
a/δ0 = 0.12, the internal layer grows into the outer low-turbulence layer and changes
it as it grows into it. This is further highlighted in the profiles and decomposition of
the Reynolds stress discussed below.
The development of the Reynolds stress −〈u′w′〉 /U20 is illustrated in figures 3.18
and 3.19 through 1D vertical profiles taken at the troughs, inflection points, and
crests of both topographies and a/δ0 ratios. In these figures, the ’first’ and ’second’
inflection points refer to the topography inflection where ∂σ/∂x > 0 and ∂σ/∂x < 0.
The corresponding vertical profiles measured in the developed region are added as
a reference. Although the Reynolds stress shows common features in all the case
such as a monotonic vertical growth of the internal layer, the flow over the 2D and
3D topographies experiences distinctive evolution of the Reynolds stress. Over the
2D and a/δ0 = 0.81 case, the turbulent stress overshoots within the first trough
and reaches the same peak as in the developed region. Other than the overshoot
within the first trough, −〈u′w′〉 /U20 grows in x/λx over the first three wavelengths
and reaches peaks similar to those observed in the developed region. This suggests
that the majority of the dynamics of the Reynolds stress downstream evolution will
be dominated by vertical growth and redistribution. This is in contrast with the
a/δ0 = 0.12 case, where the peak values of the Reynolds stress grow over the first
three wavelengths but do not recover the entire peak values of the developed region.
This suggests that growth in both magnitude and vertical distribution is expected
downstream for this case. For the 3D wall and a/δ0 = 0.81, three of the four locations
in figure 3.19 show, within the first three wavelengths, larger maximum stress than
what is observed in the fully developed region. For a/δ0 = 0.12, the Reynolds stress
reaches, by the third wavelength, maximum levels that are comparable to those in
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Figure 3.18: Evolution of the Reynolds shear stress for the 2D wall at (a) trough:
x/λx = 0.25, 1.25, 2.25, 15.25, (b) first inflection point: x/λx = 0.5, 1.5, 2.5, 15.5,
(c) crest: x/λx = 0.75, 1.75, 2.75, 15.75, and (d) second inflection point: x/λx = 1,
2, 15. The a/δ0 = 0.12 case is in black and the a/δ0 = 0.81 case is in red.
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Figure 3.19: Evolution of the Reynolds shear stress for the 3D wall at (a) trough:
x/λx = 0.25, 1.25, 2.25, 15.25, (b) first inflection point: x/λx = 0.5, 1.5, 2.5, 15.5,
(c) crest: x/λx = 0.75, 1.75, 2.75, 15.75, and (d) second inflection point: x/λx = 1,
2, 15. The a/δ0 = 0.12 case is in black and the a/δ0 = 0.81 case is in red.
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the developed region. Similar to the 2D topography at a/δ0 = 0.81, it is expected
that redistribution and vertical growth dominate the dynamics of the Reynolds stress
evolution over the 3D wall at both a/δ0 ratios.
To further investigate the TKE distribution, the normalized, in-plane TKE pro-
duction rate (equation 3.1) is shown for the four cases in figure 3.20. A comparison
of the contribution of the four terms in equation 3.1 showed that the first term,
−〈u′w′〉 ∂U
∂z
, dominates the in-plane production. The higher mean shear ∂U/∂z and
larger Reynolds stress for a/δ0 = 0.81 results in a relatively higher production over
the two topographies. Additionally, the 2D topography exhibits higher production
rate of TKE. The figure highlights that the shear layer just downstream of the crests
dominates the TKE production past the topography transition.
Quadrant analysis was performed following Lu and Willmarth (1973) to quantify
the response of the turbulent boundary layer to the sudden topographic change in
terms of the turbulence structure. Here, the stress-producing events are categorized
into outward interactions (quadrant 1, u′ > 0, w′ > 0), ejections (quadrant 2, u′ <
0, w′ > 0), inward interactions (quadrant 3, u′ < 0, w′ < 0), and sweeps (quadrant 4,
u′ > 0, w′ < 0). It is common to define a threshold M (also referred to as hyperbolic
hole) to isolate dominant events such that only events satisfying |u′w′| > M |〈u′w′〉|
are included in the analysis. In order to identify the relative importance of sweep
to ejection events that transport high and low momentum fluid into and from the
boundary layer, we calculate the modified ratio of sweeps to ejections:
S =
〈u′w′〉4
〈u′w′〉2 − 1 (3.4)
where 〈u′w′〉4 and 〈u′w′〉2 denote the stress contributions from the fourth and second
quadrants. Here, a value of M = 3 was chosen to highlight intense events; however, we
point that M = 0 showed similar behavior. The analysis was performed for the four
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Figure 3.20: Turbulent kinetic energy production rate Etk: (a) 2D wall, a/δ0 = 0.12;
(b) 2D wall, a/δ0 = 0.81; (c) 3D wall, a/δ0 = 0.12; (d) 3D wall, a/δ0 = 0.81.
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Figure 3.21: The modified ratio of sweep to ejection events S following the
topography transition: (a) 2D wall, a/δ0 = 0.12; (b) 2D wall, a/δ0 = 0.81; (c) 3D
wall, a/δ0 = 0.12; (d) 3D wall, a/δ0 = 0.81.
Figure 3.22: The modified ratio of sweep to ejection events S in the developed
region: (a) 2D wall, (b) 3D wall.
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cases within the region following the topography transition (figure 3.21). To highlight
the spatial evolution, the analysis was also extended to the developed flow case (figure
3.22). A positive S indicates the dominance of sweeps and vice versa; whereas, S = 0
denotes equal contributions of both ejections and sweeps. Overall, the results are
in agreement with previous works which suggest a dominance of sweep events near
the wall and dominance of ejections away from the wall (e.g., Wallace, 2016). In the
developed region, the topography three-dimensionality alters the composition of the
Reynolds stress-contributing events in the region z/H ≤ 0.2 resulting in a higher
contribution of sweeps relative to the 2D topography. A similar behavior is clearly
observed in the a/δ0 = 0.81 case. However, it is not as evident in the a/δ0 = 0.12
case, where the incoming boundary layer structures are advected downstream. For
the 3D topography the dominance of sweeps in a larger vertical domain compared
to the 2D case is observed to begin at approximately x/λx = 2. It is important to
note that volumetric measurements are needed to ensure that the distinctive sweep
to ejection contributions over the 3D topography are maintained across the entire
span of the topography.
Sweep and ejection events play an important function in governing turbulent trans-
port and bed fluxes in environmental flows (e.g., Best, 2005; Grant and Marusic,
2012). Earlier studies by Williams and Kemp (1971); Grass (1983); Best (1992); and
others highlighted the impact of sweep and ejection events in the initiation of bed
defects and sediment dynamics in mobile beds. Recent evidence shows a dominant
role of sweep events (quadrant 4) in sediment uplift and entrainment in contrast to
other Reynolds-shear-producing events (Detert et al., 2010; Dwivedi et al., 2011; Dey
et al., 2011; Wu and Shih, 2012). Given this evidence and the dominance of sweeps
in the trough following the abrupt topography transition for both walls (figure 3.21),
enhanced sediment entrainment and transport is more likely to occur in this region.
Past the first wavelength and in the developed regime (figures 3.21 and 3.22), dis-
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tinctive distributions of intense sweeps are observed in proximity to the bed for the
two wavy wall geometries. In particular, the 2D wall exhibits intense sweeps within
the troughs while, for the 3D wall, intense sweeps are seen locally near the inflection
points of the topography.
3.1.3 Transition to Turbulence
Transition to turbulence over the 2D topography
Extensive high-spatial resolution PIV measurements were performed over a length of
0.7 m to characterize the transition to turbulence over the distributed 2D topogra-
phy. The time-averaged distribution of the streamwise U/U∞ and wall-normal W/U∞
velocity components over this length are illustrated in figure 3.23. There, selected 1D
profiles are also included to highlight the evolution of the mean flow. The incoming
laminar boundary layer separates within the troughs creating a region of reversed
flow, which is marked with the blue dashed line in figure 3.23b. This region occupies
the majority of the second and third troughs; however, it significantly reduces (in size)
downstream where the flow begins the transition to turbulence. As shown below in
figure 3.25, the flow is in the transitional regime within 4 . x/λx . 6 and becomes
turbulent at ∼ 6λx or 0.6 m from the leading edge (Rex = U∞x/ν = 5 × 104). In
the laminar region (x/λx . 4), the topography seems to have a comparatively less
significant role in modulating the flow as suggested by the distribution of the vertical
velocity W/U∞. A region of comparatively high upward flow occurs at the first crest,
otherwise the wall-normal velocity is significantly lower than that within the turbulent
region x/λx & 6 (figure 3.23 c). A negligible momentum flow occupies the majority
of the troughs within the laminar region and results in the upward displacement of
the boundary layer. Drews (2012) in his DNS study of 3D distributed roughness,
replaced the troughs with a streamwise and spanwise slip surface to understand the
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effect of roughness ’valleys’. He found that the flow downstream is unaffected, and
suggested that roughness valleys do not significantly contribute to receptivity. A
somewhat similar behavior is observed here for the 2D topography, where the re-
circulation within the valleys in the laminar regime (x/λx . 4) acts as a blockage
reducing wall-normal flows and possibly minimizing vortical shedding from the 2D
hills.
However, a major difference with the work of Drews (2012) is the disturbances
created by the separated flow within the 2D topography troughs. The recirculation
region enables an inflection point in the boundary layer profile that corresponds to a
maximum in the mean shear ∂(U/U∞)/∂(z/H) shown in figure 3.24. For x/λx . 4.5,
the boundary layer profiles exhibit an inflection point with a mean shear maximum
that is thought to promote flow instability leading to the peak in the streamwise
velocity variance 〈u′2〉/U2∞ shown, for clarity, as contours and profiles in figure 3.25.
This quantity reveals that the region x/λx . 4 has negligible fluctuations and is
identified as the laminar regime. On the other hand, for x/λx & 6, the flow exhibits
spatially distributed turbulent fluctuations similar to those observed in the developed
flow, and thus identified as the turbulent regime. There, turbulence production is
attributed to the shear layer formed downstream of the crests. The intermediate zone
4 . x/λx . 6 is considered, consequently, a transitional region. Within this zone, the
fluctuations are contained in a narrow band (4 . x/λx . 4.7) above the topography
with peak at z/H = 0.08− 0.1 coincident with a peak in the mean shear associated
with the mean velocity inflection. The fluctuations in this region possibly trigger
disturbances near the topography. The crest near x/λx = 4.5 develops a shear layer
leading to additional velocity inflection points explaining the two shear and velocity
variance peaks observed within the transitional region (figures 3.24 and 3.25). The
near-topography fluctuations quickly overtake those related to the displaced boundary
layer. However, in the transitional region the two mechanisms interact and lead to
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Figure 3.24: Mean shear ∂(U/U∞)/∂(z/H) over a section of the 2D topography
covering the transitional and turbulent regions.
Figure 3.25: Contours (a) and profiles (b) of the streamwise velocity variance
〈u′2〉/U2∞ over a section of the 2D topography covering the transitional and
turbulent regions.
rapid vertical growth of the velocity fluctuations.
Transition to turbulence over the 3D topography
The characterization of the transition to turbulence over the distributed and low-order
3D topography provides important insight into the case where the steady disturbances
(wakes) are created over an array of compact elements covering the entire domain.
This advances the work of Downs et al. (2008) and Kuester and White (2015), who
studied the downstream evolution of disturbances created over a short roughness
patch. Moreover, due to the similar experimental conditions, free-stream velocity
U∞ = 0.09 m s−1, and Rek ≈ 300, the results presented here provide a meaningful
comparison between flow transition over the periodic 2D vs. 3D topography. The
flow over the 3D topography reaches its turbulent behavior at 1.5 m (Rex = 1.2×105)
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Figure 3.26: a) Profiles of time-averaged streamwise velocity U/U∞ over a section of
the 3D topography. The dashed black line denotes δ99/H. b) and c) the
corresponding profiles of the mean shear ∂(U/U∞)/∂(z/H) and the streamwise
velocity variance 〈u′2〉/U2∞.
from the leading edge in comparison with 0.6 m (Rex = 5× 104) for the 2D wall, i.e.,
2.5 times longer. Therefore, we focus on the mean streamwise velocity U/U∞, the
mean shear ∂(U/U∞)/∂(z/H), and the streamwise velocity variance 〈u′2〉/U2∞ within
the transitional and turbulent regions which are shown in figure 3.26. The lack
of mean flow reversal within the troughs is due to the preferential flows described
earlier which inject momentum into the wakes of the 3D hills. The flow field is best
analyzed in context of the work by Ergin and White (2006), Downs et al. (2008),
and Kuester and White (2015). There, it is shown that as the undisturbed boundary
layer flow passes roughness elements, the formed steady disturbances (wakes) lift-
up downstream, experience transient growth, and promote velocity fluctuations. The
transition to turbulence occurs when the fluctuations grow rapidly before the unstable
steady state could relax to a stable one. Here, the process is different because steady
disturbances (wakes) are generated along the entire flow domain at each element of the
topography array. These steady disturbances lift-up and likely interact over the length
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Figure 3.27: Contours of the streamwise velocity variance 〈u′2〉/U2∞ for the 3D wall
at 14.2 ≤ x/λx ≤ 15.5 under different free-stream velocities. (a) U∞ = 0.07 m s−1,
(b) U∞ = 0.09 m s−1, (c) U∞ = 0.16 m s−1.
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Figure 3.28: POD modes of the streamwise velocity fluctuations φ′u for U∞ = 0.09 m
s−1 (a, b, c), and U∞ = 0.16 m s−1 (d, e, f).
of the topography array, leading to the mean velocity deficit at 0.08 . z/H . 0.25
(figure 3.26a). Consequently, it is challenging to uncouple the contribution of the
generation from the growth/decay. Therefore, the systematic velocity deficit observed
in figure 3.26a is an aggregation of both.
The velocity deficit at 0.08 . z/H . 0.25 (figure 3.26) corresponds to a region
of enhanced shear and fluctuations with local peaks near z/H = 0.2. High mean
shear and comparatively larger velocity fluctuations are also induced near the to-
pography. These fluctuations overtake the ones related to the steady disturbances.
However, they interact similarly to the 2D case leading to rapid vertical growth of
the fluctuation distribution. The steady disturbances and their corresponding shear
rapidly decay due to turbulent mixing at x/λx & 15. To further highlight the ef-
fect of this interaction, we show in figure 3.27 contours of the streamwise velocity
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variance 〈u′2〉/U2∞ in the region 14.2 ≤ x/λx ≤ 15.5 under three free-stream veloc-
ities (U∞ = 0.07 m s−1, U∞ = 0.09 m s−1, U∞ = 0.16 m s−1). When considering
the location of flow transition, the lower (higher) free-stream velocity is somewhat
analogous to moving the measurement region upstream (downstream). At the lowest
velocity, only the fluctuations associated with the steady disturbances are present.
At the highest velocity, the flow is in its turbulent regime where the turbulence is
generated by the shear layer downstream of the hills similar to the developed flow
results discussed earlier. The U∞ = 0.09 m s−1 case shows the transitional region
where both generation mechanisms are present and manifest in rapid vertical growth
of fluctuation distribution (also seen in the profiles of figure 3.26c). Additionally,
snapshot POD analysis was performed following Sirovich (1987) on a subset of 1000
fluctuating velocity fields for these three cases. POD is used to extract the dominant
spatial features of the flow by decomposing the fluctuating velocity signal u′(x, t)
into a deterministic part φn(x) (POD modes) and time-dependent coefficients an(t)
as
u′(x, t) =
1000∑
n=1
an(t)φn(x). (3.5)
Figure 3.28 shows the first three modes of the streamwise velocity fluctuations φu′ for
the two higher free-stream velocities. For the U∞ = 0.16 m s−1 case, the three modes
contain 23% of the total energy of all modes and are in agreement with the results from
the developed flow. For the U∞ = 0.07 m s−1 case (not shown here for brevity), the
first mode showed a band similar to that observed in the streamwise velocity variance
and contributed 80% of the total energy. The case of interest is U∞ = 0.09 m s−1
where the three modes shown contribute 36% of the total energy, but do not resemble
those in the turbulent regime. The spatial structures exhibit different scales and
show an interaction between the region away from the wall influenced by the steady
disturbances and structures near the wall influenced by the topography. Finally, it
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is worth pointing out that similar behavior and energy content were observed in the
POD modes for the 2D case in the transitional region.
Figures 3.25 and 3.27 highlight the difference in the nature of the transitional
region across the two topographies. For the 2D case, the narrow band of high velocity
variance in the region 4 . x/λx . 4.7 is associated with the velocity inflection point
as discussed above. In the 3D case, the wider band is associated with the velocity
deficit region originating from the interaction of the wakes of upstream elements.
The rapid vertical growth of the fluctuation distribution is a common feature of the
transition region across both topographies. The shear layer turbulence generation in
the turbulent region is another common feature.
3.2 Flow over and within Canopies
The common and distinctive features of the turbulence within and above the homo-
geneous and heterogeneous canopies are presented for the three submergence depths.
Horizontal and vertical planes as well as 1D profiles of the first- and second-order
turbulence statistics, quadrant analysis, and POD are used for this purpose. It is
noteworthy that, in this section, x, y, z denote the streamwise, wall-normal and
spanwise directions, and u, v, w refer to the velocity in these directions, respectively.
3.2.1 Mean Flow
Time-averaged streamwise velocity contours U(x, y)/U∞ along the entire length of
the two canopy models are illustrated in figure 3.29 for submergence H/h = 3. In
this figure and subsequent ones, the incoming velocity above the boundary layer,
i.e. freestream velocity U∞ is used as a scaling quantity, and white dashed lines
represent the envelope of the canopy. Both canopies induce a similar flow decel-
eration upstream, which extends about ∼2h from the leading edge. However, the
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Figure 3.29: Time-averaged streamwise velocity fields U(x, y)/U∞ at submergence
H/h = 3 for the a) homogeneous and b) heterogeneous canopies. White dashed lines
indicate the envelope of the canopies, and the symbol at the top left shows the free
surface. The three panels correspond to the three fields of view (FOV) for the PIV.
flow within the heterogeneous canopy exhibits a larger momentum deficit covering
the area between the first two h1 regions (x/h ∈ [0.8, 1.6]). The reduced velocity
within the canopy leads to the formation of a shear layer that initiates at x/h ' 0.4,
downstream of the first h and h1 elements for the homogeneous and heterogeneous
canopies, respectively. As in previous studies (e.g. Morse et al. (2002)), the short
delay in the initiation of the shear layer is likely due to the enhanced wall-normal flow
near the leading edge (discussed below in the context of figures 3.31 and 3.32). The
shear layer undergoes relatively rapid growth within the first FOV, followed by much
reduced growth rate in the second FOV, and an approximately constant thickness at
x/h ≥ 14. While the bulk features of the flow in the two canopies are qualitatively
similar, striking differences can be inferred from the velocity contours. The heteroge-
neous model triggers a more complex flow response past the leading edge and within
the elements, as well as a periodic distribution downstream of the first measurement
region, where, as dictated by continuity, the flow experiences alternating high and
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low speed within h1 and h2 heights. These periodic features are further illustrated
below using 1D vertical and horizontal profiles of the mean flow.
Quantitative comparison between the canopies at various submergences (H/h = 2,
3, 4) is given by the 1D streamwise velocity profiles every ∆x/h =0.5 in figure 3.30.
The U(y)/U∞ profiles for the two models are superimposed to aid direct comparison.
In all cases, the incoming velocity profiles collapse including the recirculation bubble
upstream of the leading edge for H/h = 2 and 3. The flow within the canopies
rapidly decelerates marking an adjustment region (Belcher et al., 2003; Coceal and
Belcher, 2004; Chen et al., 2013). The spatial features of the velocity within the
adjustment region are highly dependent on the local canopy geometry. As seen in
figure 3.30, a flow deficit is formed at the canopy height h at the leading edge for
the homogeneous canopy. The heterogeneous model starts with two rows of height
h2 leading to a similar flow deficit at x/h = 0.5. However, the deficit is substantially
increased at the following h1 rows at x/h = 1. Immediately after the leading edge,
large variations are observed near both h1 and h2 resulting in larger changes in the
mean shear for the heterogeneous canopy. It is important to acknowledge that within
this adjustment region the flow is highly three-dimensional and the complex response
behind the leading edge (figure 3.30) is expected to vary laterally. The point here is
the increased complexity of the response due to height heterogeneity. The velocity
profiles in figure 3.30 also show the effect of the submergence and canopy geometry
on the mean momentum deficit, which leads to a distinctive impact on the bulk flow
over the canopies. At the lowest submergence (H/h = 2), the height heterogeneity
leads to larger mean flow within the canopy along its entire length. This promotes
mixing which is critical for scalar transport in the region below the shear layer, i.e.,
in the longitudinal exchange zone defined by Nepf and Vivoni (2000). Only for this
submergence case is the boundary layer growth still significant near the free surface.
The extension and characteristics of the shear layer for both models will be further
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Figure 3.30: Time-averaged streamwise velocity profiles U(y)/U∞ at various x/h
locations and submergences for the homogeneous (black) and heterogeneous (red)
canopies. a) H/h =2; b) H/h =3; c) H/h =4.
discussed below.
Belcher et al. (2003), Coceal and Belcher (2004), Chen et al. (2013), and others,
have reported an exponential decay with x for the streamwise U and vertical V ve-
locities at the element height within the adjustment region of homogeneous canopies.
A similar behavior is observed for our homogeneous canopy across the three sub-
mergence depths, as illustrated in figures 3.31 and 3.32 for U(x, y = h)/U∞ and
V (x, y = h)/U∞. The relatively large velocity variations near the leading edge rep-
resent local flow adjustment and are governed by the local geometry and the spatial
distribution of the canopy elements. These variations are expected to be substantially
reduced if lateral averaging was performed.
The adjustment length XD for the homogeneous canopy is comparable to proposed
models. Following Chen et al. (2013), we define XD for the homogeneous case to
extend from the canopy leading edge to the location where V (x, y = h) drops to 5%
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Figure 3.31: Time-averaged streamwise velocity profiles U(x, y = h)/U∞ at various
submergences for the homogeneous (black) and heterogeneous (red) canopies. a)
H/h =2; b) H/h =3; c) H/h =4.
of its maximum value (which occurs at x/h ' 0.3) resulting in XD = (3.0 ± 0.2)h
for the three submergences. A model by Coceal and Belcher (2004) estimates the
adjustment length as:
XD = 3 Lc lnK (3.6)
where Lc is the canopy drag length scale, K = (Uh/uτ )(h/Lc), and Uh denotes the
time-averaged streamwise velocity at the top of the canopy. Coceal and Belcher
(2004) define
Lc =
2h(1− φ)
CDλf
(3.7)
Here, CD is the drag coefficient. Using CD = 2, equation 3.7 yields Lc = 0.67h.
The CD value is chosen following Coceal and Belcher (2004) who used CD = 2 for
square bars with a similar density and setup. Given this drag length scale, we obtain
adjustment lengths XD = 3.8h, 4.4h, and 4.3h for H/h = 2, 3, and 4. The deviation
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Figure 3.32: Time-averaged vertical velocity profiles V (x, y = h)/U∞ at various
submergences for the homogeneous (black) and heterogeneous (red) canopies. a)
H/h =2; b) H/h =3; c) H/h =4.
Figure 3.33: Time-averaged streamwise velocity fields U(x, z)/U∞ at y/h ' 0.6 and
H/h =3 for the a) homogeneous and b) heterogeneous canopies, elements of height
h1 are shaded.
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from the measured XD is likely due to the scaling coefficient in equation 3.6, which
was proposed as a first-order approximation for unconfined urban canopies (Coceal
and Belcher, 2004) and uncertainty in CD. Our estimation of XD suggests a weak
dependence on submergence depth for homogeneous canopies, supporting the finding
by Chen et al. (2013). Finally, a recent formulation by Chen et al. (2013) takes into
account the increase in the pressure at the canopy leading edge as follows:
XD = 1.5 Lc (1 + 2.3CDah) (3.8)
This leads to XD ≈ 6.5h with a 5% uncertainty due to a 20% change in CD.
Figures 3.31 and 3.32 also highlight the contrast in the mean flow dynamics between
the homogeneous and heterogeneous canopies at the average element height y = h.
While in the homogeneous case the fast decay of V (x, y = h) is characteristic of the
adjustment region, the decay in the heterogeneous case is more complex. As shown
in the figures, U(x, y = h) and V (x, y = h) exhibit a spatially periodic behavior
governed by the topography of the canopy; the periodicity becomes apparent within
the second and third FOVs. In line with the mean streamwise velocity contours (figure
3.29), U(x, y = h)/U∞ is larger within h1 elements; this increase in U(x, y = h)/U∞
is accompanied by a decrease in V (x, y = h)/U∞. Figures 3.31 and 3.32 indicate
that the periodic flow variations are more pronounced at the lowest submergence
depth, and eventually reach a constant amplitude. In particular, the non-vanishing
V (x, y = h) contrasts with the negligible counterpart in the homogeneous canopy
in the region x > XD. This periodic behavior is observed within h2 < y < h1
for both U/U∞ and V/U∞ across all submergences. As seen in figures 3.31 and
3.32, most of the flow adjustment for the heterogeneous canopy, given by the decay
of the amplitude of U/U∞ and V/U∞ variations, is reached at x/h '3 similar to
the homogeneous case. The rest of the adjustment occurs within x/h = 3 to 8,
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at which point the periodic variations in U/U∞ reach an approximately constant
amplitude. The similarity in the length where the majority of the adjustment occurs
suggests that, for engineering applications, the estimation of XD for an equivalent
homogeneous case could potentially suffice for heterogeneous canopies (under similar
conditions to the one studied here).
The canopy heterogeneity induces a distinctive mean flow distribution within the
canopy elements, as illustrated in figure 3.33. Here, U(x, z)/U∞ is shown within
a wall-parallel plane at y/h ' 0.6 for submergence depth H/h =3 and past the
adjustment length (x/h ∈ [16, 18.5] and x/h ∈ [17, 19.5] for the homogeneous and
heterogeneous cases, respectively). Preferential spanwise flows are formed around
the elements of both canopies with significantly larger velocity in the heterogeneous
case, which shows a periodic behavior aligned with the results from the wall-normal
measurements. The plane in figure 3.33 is located just below the top of the shorter h2
elements. While there is no flow blockage above these elements, considerable block-
age is present downstream at the following longer h1 elements leading, as dictated by
continuity, to the increased velocity observed in the figure. This increased streamwise
velocity around the h1 elements is expected in the region h2 < y < h1 and results
in reduced mean shear at the top of the canopy (y = h1) above the longer elements
in comparison with the shorter ones. This modulation of the mean shear modifies
the rate of the turbulent kinetic energy production in the mixing layer above the
heterogeneous canopy, as will be discussed in the following section. Along with the
enhanced vertical flow in the heterogeneous canopy, the increased spanwise flow is
expected to play a significant role in modulating the mixing and scalar transport es-
pecially in the longitudinal exchange zone where turbulent transport is comparatively
low.
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Figure 3.34: Turbulent kinetic energy fields TKE = 〈u′2 + v′2〉 /2U2∞ at
submergence H/h = 3 for the a) homogeneous and b) heterogeneous canopies.
White dashed lines indicate the envelope of the canopies, and the symbol at the top
left shows the free surface.
3.2.2 Turbulent Kinetic Energy and Reynolds Shear Stress
Height heterogeneity triggers distinctive spatial and temporal changes in the tur-
bulence developed over and within the canopy, mainly in the mixing layer. The
normalized turbulent kinetic energy TKE = 〈u′2 + v′2〉 /2U2∞ contours are given in
figure 3.34 for submergence H/h = 3. The distribution of the TKE over the hetero-
geneous canopy exhibits a periodic behavior in which comparatively higher intensity
is observed above the shorter h2 elements at the canopy height (y = h1). The 1D
TKE profiles for both canopies for the three submergence depths are shown in figure
3.35. A distinctive consequence of height heterogeneity is the enhanced TKE along
the entire canopy length for submergence H/h =2. A modest increase in TKE is
observed at submergence H/h =3, whereas no apparent change is found for H/h =4.
To investigate the trends in figures 3.34 and 3.35, the in-plane TKE production
rate (equation 3.1) was analyzed, but not shown for brevity. The primary Reynolds
stress −〈u′v′〉 is shown and discussed below. The first term of equation 3.1 dom-
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Figure 3.35: Turbulent kinetic energy profiles TKE at (a) H/h =2, (b) H/h =3,
and (c) H/h =4. The homogeneous canopy is shown in black and the heterogeneous
in red.
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inates the other terms across the two canopies and the three submergences. The
higher TKE levels at the canopy height over the shorter h2 elements (figure 3.34b)
result from a higher production rate. The enhanced production is promoted through
a combination of higher Reynolds stress and larger mean shear at the canopy height
over the shorter h2 elements (the higher mean shear is discussed earlier in the con-
text of figure 3.33). An influential role of submergence on the turbulence dynamics
within and above heterogeneous canopies is suggested in figure 3.35. Even though
the shear and turbulence development above the canopy are mostly generated locally
at the flow-canopy interface, the submergence appears to contribute by modulating
the mean shear distribution. The higher canopy elements produce a non-negligible
blockage at the lowest submergence that enhances mean shear and, consequently,
TKE production rate. An inspection of the maximum mean shear ∂(U/U∞)/∂(y/h)
in each vertical profile within the third measurement region indicates higher levels
for H/h = 2 reaching approximately twice of that for H/h = 3 and 4 for both
canopies. Furthermore, the maximum mean shear which occurred near the top of the
canopies (h and h1 for the homogeneous and heterogeneous canopies, respectively),
was consistently higher for the heterogeneous case for all submergence depths.
The contours of the Reynolds shear stress −〈u′v′〉/U2∞ for H/h =3 are shown in
figure 3.36. The region of increased stress is a mark of the mixing layer that forms
at the top of the canopy. Similar to the TKE, the heterogeneous canopy exhibits
spatially periodic distribution of −〈u′v′〉/U2∞. As noted from figure 3.37, the profiles
of the Reynolds stress appear to be shifted in the vertical direction by a distance
corresponding to the element height standard deviation (σh = h/3). Beyond the
adjustment length XD, the −〈u′v′〉/U2∞ peaks consistently occur at the top of the
canopies, i.e., h and h1 for the homogeneous and heterogeneous models, respectively.
This indicates that for the purposes of modeling, h1 appears to be the appropriate
definition for canopy height. Within the adjustment length, the behavior of the
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Figure 3.36: Reynolds shear stress fields −〈u′v′〉/U2∞ at submergence H/h = 3 for
the a) homogeneous and b) heterogeneous canopies. White dashed lines illustrate
the envelope of the canopies, and the symbol at the top left shows the free surface.
The black dashed lines indicate the penetration depths δe (equation 3.9).
Figure 3.37: Reynolds shear stress profiles −〈u′v′〉/U2∞ at a) H/h =2, b) H/h =3,
and c) H/h =4. The homogeneous canopy is shown in black and the heterogeneous
in red.
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Figure 3.38: Maximum Reynolds shear stress −〈u′v′〉/U2∞ as a function of
downstream distance: (a) H/h =2, (b) H/h =3, (c) H/h =4. Homogeneous canopy
in black and heterogeneous in red.
TKE (figures 3.34 and 3.35) and the Reynolds stress (figures 3.36 and 3.37) above
and within the canopy is more complex and spatially distributed as a result of the
increased three-dimensionality of the flow in this region. There, an interesting feature
is the significant Reynolds stress occurring above the canopy height for both models.
This behavior corresponds to the large mean shear ∂(U/U∞)/∂(y/h) formed due to
the flow acceleration above the region where the mean shear layer initiates.
The growth of −〈u′v′〉/U2∞ in the mixing layer beyond the adjustment length is
demonstrated in figure 3.38, where the maximum stress within each vertical pro-
file is shown as a function of the distance x/h. In agreement with previous studies
(e.g. Belcher et al. (2003) and Chen et al. (2013)), the homogeneous canopy exhibits
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lower turbulence intensity and turbulent stress in the adjustment region compared
to further downstream. This is because the vertical advection within the adjustment
region delays the initiation and growth of the mixing layer and associated vortical
structures. The smaller coherent structures within the adjustment region generate
weaker turbulence and Reynolds stress than is present in the fully-developed mixing
layer beyond the adjustment region. The maximum stress occurs near the top of the
canopies (h and h1 for the homogeneous and heterogeneous cases, respectively), and
rapidly grows within the second FOV in correspondence with the rapid growth of
the mean shear layer. The growth rate is considerably reduced for 14 < x/h < 20
(0.5 m . x . 0.75 m), indicating that the flow approaches the developed condition.
This is in agreement with the results of Chen et al. (2013) who found the mixing
layer adjustment length (where the maximum turbulent stress was reached) to be
approximately 1 m for a homogeneous canopy with a roughness density λf = 1.36
and similar experimental conditions. As seen in the profiles of figure 3.38, the het-
erogeneous canopy experiences larger turbulent stress (and consequently transport)
for the majority of its length at submergence depths H/h = 2 and 3. However, both
canopies exhibit similar levels for the H/h =4 case.
The diffusion of the generated turbulence is inferred from the evolution of the
mixing layer. The thickness of the dominant portion above the canopy δT (x)/h is
shown in figure 3.39; where δT is the height above h and h1 for the homogeneous
and heterogeneous canopies, respectively, at which the Reynolds stress drops to 5%
of the maximum at a given x location. For the homogeneous canopy at H/h =2,
δT reached the top of the measurement region by the third FOV and thus no results
are shown there. While both canopies maintain similar δT/h growth rate, the mixing
layer above the homogeneous canopy exhibits larger vertical extension across all sub-
mergence depths. At H/h =2, the difference in this vertical extension corresponds
to approximately the element height standard deviation (σh = h/3). However, as
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Figure 3.39: Extension of mixing layer δT/h above the homogeneous (black) and
heterogeneous (red) canopies at the three submergence depths.
submergence depth increases, this difference is reduced (figure 3.39). The growth of
the mixing layer within the canopy is more complex and has been shown to be de-
pendent on the canopy density and drag coefficient for homogeneous canopies (Nepf,
2012). The penetration, and consequently the total thickness, of the canopy mix-
ing layer (estimated using the same 5% criterion and not shown here for brevity) is
significantly modulated by the topography of the heterogeneous canopy with a more
pronounced effect at low submergence depths. The penetration increases downstream
of h1 rows as a result of the reduced obstruction above the shorter h2 elements. For
the estimation of the mixing layer penetration, Ghisalberti (2009) considered the
formulation
δe =
1
3
(CDa)
−1 (3.9)
based on the analysis of multiple data sets across various obstructed shear flows
and showed agreement over multiple scales and systems. This formulation results
in δe/h = 0.14 and δe/h = 0.28 for the homogeneous and heterogeneous canopies,
respectively. Note that for the heterogeneous case a = 16 m−1 in the penetration
region h2 ≤ y ≤ h1. The location of the estimated δe is shown in figure 3.36 within the
third FOV with a black dashed line and evidences agreement with the experimental
results in both canopies.
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Figure 3.40: An instantaneous velocity fluctuation vector field u′ˆi+ v′jˆ
superimposed on the contours of u′/U∞ at submergence H/h =3 for the a)
homogeneous and b) heterogeneous canopies.
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Figure 3.40 shows a representative instantaneous velocity fluctuation field u′ˆi+v′jˆ,
where iˆ and jˆ indicate the unit vectors in the streamwise and wall-normal direc-
tions, superimposed on the contours of u′/U∞ for H/h =3. The region of intense
fluctuations reaching ∼ 30% of U∞ marks the mixing layer and, as seen in the fig-
ure, penetrates significantly deeper below the top of the heterogeneous canopy. To
further characterize these fluctuations across the entire ensemble, quadrant analysis
was performed following Lu and Willmarth (1973). As discussed earlier, the events
contributing to the Reynolds stress are categorized into outward interactions (quad-
rant 1, u′ > 0, v′ > 0), ejections (quadrant 2, u′ < 0, v′ > 0), inward interactions
(quadrant 3, u′ < 0, v′ < 0), and sweeps (quadrant 4, u′ > 0, v′ < 0). To quantify the
relative importance of sweeps and ejections that transport high and low momentum
fluid into and from the canopies, figure 3.41 shows the ratio of the total contribution
of sweeps to the total contribution of ejections
S4,2 =
∑
(u′v′)4/
∑
(u′v′)2 (3.10)
for H/h = 3. It is common to define a threshold M (also referred to as hyperbolic
hole) to isolate dominant events such that only events satisfying |u′v′| > M |〈u′v′〉|
are included in S4,2. All events across the entire ensemble were included in the ratio
S4,2 shown in figure 3.41 (i.e. M =0). However, the same analysis was performed
with M =3 and it showed similar trends. As seen in figure 3.41, sweeps dominate
near the top of both canopies while ejections dominate further away. In the hetero-
geneous canopy, sweeps dominate over a larger area and near the top of the h1 and
h2 elements with distinctive periodicity following the topography of the canopy. In a
study dedicated to characterizing the flow structure in a homogeneous canopy, Zhu
et al. (2007) showed that sweep events entrain and push turbulent structures from the
outer flow into the canopy. Here in the heterogeneous case, the deeper penetration
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Figure 3.41: The ratio of the total contribution of sweep to ejection events
S4,2 =
∑
(u′v′)4/
∑
(u′v′)2 at H/h = 3 for the a) homogeneous and b) heterogeneous
canopies.
Figure 3.42: Reynolds shear stress −〈u′w′〉/U2∞ at y/h ' 0.6 and H/h =3 for the a)
homogeneous and b) heterogeneous canopies, elements of height h1 are shaded.
and the larger space-fraction where sweep events are dominant suggest a more active
exchange with the overflow within the heterogeneous canopy. Figure 3.41 evidences
similarity across both canopies in the ejection-dominated region, which occurs the
same distance above the canopy in both cases. This provides a dynamic measure
showing that the impact of the heterogeneity does not extend far above the canopy.
It is worth noting that additional lateral measurements are needed to ensure that
the observations within the canopies in figures 3.40 and 3.41 are representative of the
spanwise-averaged behavior.
Thus far we have shown that height heterogeneity manifests in enhanced transport
through the mean flow and the turbulent stress −〈u′v′〉. The effect on transverse
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Figure 3.43: POD modes of the streamwise velocity fluctuations φu′ for the
homogeneous canopy at H/h =3: a) mode 1, b) mode 2, c) mode 3, d) mode 4.
transport within the canopy is given in figure 3.42 where −〈u′w′〉/U2∞ is shown at
y/h =0.6. For both canopies, the transverse turbulent transport is approximately 10%
of that in the vertical direction. Compared to the homogeneous canopy, slightly lower
magnitudes of −〈u′w′〉/U2∞ are associated with the shorter h2 elements while similar
magnitudes but wider distributions are associated with the longer h1 elements (in
association with the higher velocity around these elements in figure 3.33) indicating
more complex dynamics within the heterogeneous canopy. It is noteworthy that the
−〈u′v′〉 component of the stress (not measured in this plane) plays an important role
in governing the flow dynamics within the canopy.
3.2.3 POD Analysis
In addition to inducing vertical flows within the canopy, modifying the levels and
distribution of the TKE and Reynolds shear stress, and altering the extension and
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penetration of the canopy mixing layer, height heterogeneity has a distinctive effect
on the scales and spatial features of the flow especially at low submergence depths. To
gain insight into the effect of height heterogeneity on the energetic modes of the flow,
snapshot POD was performed on a subset of 2000 fluctuating velocity fields for both
canopies within the third field of view at H/h = 2 and 3 following Sirovich (1987). For
detailed information regarding POD and its implementation, the reader is referred to
the work of Lumley (1970), Sirovich (1987), and Berkooz et al. (1993). Essentially,
POD is used to extract the dominant spatial features of the flow by decomposing the
stochastic fluctuating velocity signal u′(x, t) into a deterministic part φn(x) (POD
modes) and time-dependent coefficients an(t) as in equation 3.5. Here, bold symbols
denote vectorial quantities andN represents the number of snapshots (for this analysis
N =2000). The individual contribution of each mode to the total turbulent kinetic
energy is given by the ratio of the eigenvalue of that mode to the sum of all N
eigenvalues i.e.,
En = λn/
N∑
m=1
λm. (3.11)
Analysis of the cumulative energy convergence showed that the homogeneous case, at
both submergence depths, and the heterogeneous case at H/h = 3 exhibit comparable
energy spectra with the first ∼ 20 modes contributing 50% of the total energy. A
considerably slower convergence occurs for the heterogeneous canopy at H/h = 2 with
roughly double the number of modes contributing 50% of the total energy evidencing
significantly richer flow dynamics.
Inspection of the first ten streamwise POD modes φu′ indicates structural similarity
across the first four modes for both canopies at both submergences. Figure 3.43 shows
the first four streamwise velocity fluctuation modes for the homogeneous canopy at
H/h = 3. In this case, these four modes contain approximately a quarter of the
total energy. As shown in the figure, the first four modes scale vertically with the
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canopy height h, and are inclined at approximately 15o, 20o, 25o, and 45o to the
streamwise direction, respectively. Significant structural differences across canopies
and submergence depths are observed beyond the first four shown modes. These
structures are inherently different from those of a classical free mixing layer due to
the canopy obstruction and the superposition of scales discussed in Poggi et al. (2004).
While the over-canopy flow is distinct from a canonical boundary layer flow due to
the presence of the mixing layer and its canopy-scale turbulence, the first two modes
in figure 3.43 exhibit structural similarity with those in the rough wall turbulent
boundary layer studied by Sen et al. (2007). However, the ones observed here have
larger inclination angles. In contrast to all other reviewed modes in both canopies,
the heterogeneous case at H/h = 2 exhibited significantly inclined structures reaching
from the canopy to the top of the flow domain indicative of substantial interaction
between the inner- and over-canopy flows. This increased complexity along with the
pronounced topography-induced periodic flows are in line with the slower convergence
discussed earlier.
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Chapter 4
Conclusions and Future Work
4.1 Conclusions
Systematic experiments were performed to identify the impact of two specified surface
heterogeneities on the flow over large-scale low-order topographies. The first hetero-
geneity is given by a spanwise topographical mode superimposed on a 2D topography
with the purpose of investigating the impact of topography three-dimensionality on
the flow field. The second heterogeneity is given by a variability in the height of the
elements of a canopy in shallow submergence. The impact of these heterogeneities
on the flow statistics is summarized below along with a discussion of the significance
of the findings.
4.1.1 Flow over 2D and 3D Large-scale Topographies
Instantaneous velocity fields and turbulence quantities in the developed flow regime
reveal the strong effect of the large-scale topography on the turbulence dynamics
near the wall and even in the outer flow. Likelihood of recirculation bubbles, spatial
distribution and production rate of TKE, among other quantities, are shown to be
severely affected when a single spanwise mode is superimposed on a 2D sinusoidal
wall. In particular, TKE is shown to be one order of magnitude lower in the 3D case,
while Reynolds stress resulted in a two order of magnitude decrease at the low Re.
Strong variations in the mean velocity components, Reynolds shear stress and
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turbulent kinetic energy were induced by the large-scale topography. Large variations
occur in the inner region that extends up to z/H ' 0.2. The developed flow over the
2D wall is dominated by a shear layer that forms on the lee side of the crests. This
shear layer resides between crests and is evident by strong Reynolds shear stress and
turbulent kinetic energy distributions. However, the flow over the 3D wavy wall is
significantly less turbulent and exhibits different dynamics. A similar shear layer is
observed for the 3D wall only at the high Re; however, it extends from one crest to
the next creating interactions among adjacent shear layers. The Reynolds shear stress
distribution across Reynolds number suggests a net drag (skin friction) reduction in
the 3D case. This phenomenon is of critical relevance in the dynamics of, for example,
sediment transport in desert areas and can provide insight into ways to control such
scalar fluxes. The noted differences across the topographies reveal the important role
of the topography in governing the flow dynamics at geophysical scale and smaller-
scale systems such as riverine environments where the mean and fluctuating shear
stress modulates the transport of sediment (Grant and Marusic, 2012; Mathis et al.,
2014).
The flow development over the 2D and 3D topographies was studied at the high Re
and at a/δ0 = 0.12 and 0.81. The results illustrate the distinctive modulation of the
topographies on the development of the boundary layer, displacement and momentum
thicknesses (δ99, δ
∗, and θ) with downstream distance. In contrast to the development
over the 2D case, the boundary layer over 3D topography exhibited a significantly
reduced modulation of those quantities. The flow acceleration and deceleration over
the crests and troughs were reduced over the 3D topography for both a/δ0 ratios.
The spanwise variability of the topography allows for an alternate path for the flow
around the 3D elements and therefore reduces the acceleration and deceleration over
the crests and troughs.
Reynolds shear stress levels similar to those in the developed region are achieved
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over the 3D topography within the first three wavelengths past the topography tran-
sition; this indicates that the dynamics of the downstream evolution are dominated
by vertical diffusion and redistribution. This result is in contrast with the 2D case
with a/δ0 = 0.12, where the Reynolds stress did not achieve the levels observed in the
developed region. The results presented earlier provide a first study on the impact
of three dimensionality and physical scale of distributed topography on turbulent
boundary layer adjustment. The differences in the mean flow and turbulence levels
are of importance in riverine, atmospheric, and industrial applications. For example,
in the context of erodible beds, it is expected that the higher levels of the turbu-
lent stresses within the region following the transition for both topographies lead to
enhanced sediment and scalar transport especially for higher amplitude to incoming
boundary layer thickness (a/δ0) ratios.
Motivated by these results, the transition to turbulence over 2D and 3D topogra-
phies was experimentally studied to highlight the differences in the mechanisms lead-
ing to the flow transition. The topography covered the entire flow domain, which
complements previous works that studied the disturbances created by a short rough-
ness patch (e.g., Downs et al., 2008; Kuester and White, 2015). The recirculation
within the troughs of the 2D topography at the low Re facilitates the boundary layer
vertical displacement and growth over the topography. However, an inflection point
in the displaced boundary layer profile promotes high shear and fluctuations that
occur in the region above the topography. For the 3D wall, the flow transition is
significantly delayed (Rex = 120,000 vs. 50,000 for the 2D case). In the transitional
region, the interaction of the wakes of upstream elements manifests in a deficit in
the mean streamwise velocity profile above the topography. The significant delay in
flow transition over the 3D topography is attributed to the spanwise flows within the
topography which reduce the likelihood of flow separation (and, consequently, veloc-
ity inflection points) by injecting high-momentum fluid in the wakes of the 3D hills.
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Within the transitional region fluctuations are initially observed above the topogra-
phy and are due to the inflection point of the displaced boundary layer for the 2D
case and the velocity deficit for the 3D case. These above-topography disturbances
are thought to trigger additional disturbances near the wall. The above- and near-
topography regions of enhanced mean shear and fluctuations interact leading to rapid
vertical growth of the turbulent fluctuations.
4.1.2 Impact of Element Height Heterogeneity on Canopy
Flows
The element height heterogeneity led to enhanced streamwise flow within the canopy
at the lower submergence depths, which is especially important as the streamwise
flow is essential in advecting scalars within the canopy in the region below the mixing
layer. Furthermore and in contrast with the homogeneous case, the topography of
the heterogeneous canopy, which resembles a row canopy, induced spatially periodic
flows with non-vanishing vertical velocity. Although the measurements are restricted
to one lateral plane, the non-vanishing vertical velocity is expected to be present at
other lateral locations. Moreover, height heterogeneity impacts the flow adjustment
region resulting in a comparatively more complex flow near the leading edge for
the heterogeneous canopy. However, both canopies had approximately the same
adjustment length.
The TKE and Reynolds stress are enhanced within the heterogeneous canopy mix-
ing layer, relative to the homogeneous case. Both quantities showed periodic varia-
tions associated with the topography of the canopy. The extension and penetration
of the canopy mixing layer were significantly altered for the heterogeneous case with
deepened penetration in proximity to the shorter elements where canopy obstruc-
tion is reduced. Furthermore, quadrant analysis showed an enhancement of sweep
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events near both element heights h1 and h2 for the heterogeneous canopy. However,
the maximum in Reynolds shear stress occurred consistently near h1 indicating that
this is the effective canopy height. POD analysis provided further evidence of the
increased flow complexity within and above the heterogeneous canopy. The impact
of heterogeneity was the most pronounced for the lowest submergence ratio (smallest
H/h) and decreased with increasing submergence (H/h).
The heterogeneous canopy exhibited higher turbulent momentum exchange at the
top of the canopy, which implies higher turbulent exchange of scalars as well. This
further suggests that the heterogeneous canopies experience more rapid flushing and
shorter in-canopy residence time. In addition, the higher turbulent stress implies that
heterogeneous canopies produce a higher contribution to channel hydraulic resistance
than that of a homogeneous canopy of the same roughness density. Finally, the im-
pact of heterogeneity on turbulence production at the canopy interface was strongly
modulated by the submergence height, with heterogeneity enhancing turbulence pro-
duction most at the lowest submergence depth (H/h = 2).
4.2 Recommendations for Future Work
4.2.1 Expansion on the Current Work
The results highlight the impact of surface heterogeneity on the flow field over large-
scale topographies. It is important to note that the measurements were made in
a single spanwise location. While the results are sufficient to provide insight into
the impact of the specified heterogeneities, they are not fully representative of the
spanwise-averaged behavior of the flow. In fact, as shown in the wall-parallel planes
(figures 3.10, 3.11, 3.12, 3.33, 3.42), the mean flow and turbulence quantities exhibit
large variations in the spanwise direction. To address this phenomenon, volumetric
or multi-plane measurements are recommended to provide a better description of
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the flow and to verify that the results presented earlier are representative of the
flow at other spanwise locations. With such measurements, double-averaging (e.g.,
Nikora et al., 2007) becomes possible and would allow for a better quantification
of flow behavior. Furthermore, such description would enable the incorporation of
heterogeneities in existing flow models which is the overall long-term goal of this
work.
4.2.2 Future Directions
Numerous aspects within the area of flow over large-scale topography remain open
and worthy of investigation. Many of those follow and expand on the results presented
earlier. In particular, the flow over the 3D wall exhibited reduced drag when compared
to the 2D counterpart. However, it is expected that this reduction is a function of
the streamwise and spanwise spacing of the elements, i.e., the wavelengths. This
functionality is worthy of investigation to identify the spacings at which the mean
spanwise flows become negligible. Additionally, the heterogeneity studied in the
canopy case was of low-order. It is important to investigate more complex cases
where elements of varied heights exhibit a random distribution. Further work is also
required to identify the limiting submergence depth at which the impact of a given
height heterogeneity on the turbulence dynamics becomes insignificant.
A natural extension of the work is the quantification of the flow over large-scale
topographies with multiple topographical modes. This is of high interest in many
environmental application including, for example, the superposition of dunes and
ripples, or roughness on hilly terrains. Given the advancement of experimental and
numerical techniques, multiple studies have begun to tackle this issue. Cao and
Tamura (2006) studied the flow over a 2D hill under smooth and rough conditions.
The smooth and rough hills occupied 16% of the incoming boundary layer and the
roughness elements used were cubes that occupied 12.5% of the hill height. The
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roughness increased the flow speedup above the hill and altered the turbulence inten-
sity. The roughness induced higher intensity upstream of the hill and lower intensity
downstream. Fernandez et al. (2006) investigated the flow over three fixed-bed mod-
els of ripples, dunes and the superposition of two bedforms (ripple and a smaller
bedform) resembling ripple-dune transition. The ripple, dune and superposition of
bedforms occupied 15%, 25%, and 23% of the flow depth. The superimposed bed-
form on the ripple model had a height 66% of that of the ripple. They observed
a considerable enhancement of turbulent quantities in the case of the superposition
of two bedforms. The turbulence levels in this case significantly surpassed those of
the other two, even though the dune model had a larger height. This resulted from
the interaction of the shear layers formed in the lee side of the two superimposed
bedforms.
Given these studies and others (e.g., Tamura et al., 2007; Mejia-Alvarez and Chris-
tensen, 2010; Cao et al., 2012; Reesink et al., 2014), it is clear that the flow over
the superposition of small- and large-scale topographies is complex and highly sensi-
tive to the amplitude and spacing of the small-scale roughness. Within the context
of this complex problem an exploratory experiment was conducted to quantify the
impact of a small-scale mode superimposed on the 2D wavy wall described earlier.
The experiments were performed at Re = 40,000 (equivalent to the high Re). The
superimposed roughness was a sinusoidal wave in the streamwise direction with a
wavelength and amplitude an order of magnitude smaller than that of the large-scale
topography. However, the a/λ ratio was maintained similar across both topograph-
ical modes. Measurements were made in the fully developed regime with a similar
setup as earlier (see figure 4.1).
The preliminary results suggest that, within the developed flow regime, the super-
imposed mode results in a minor impact on the time-averaged streamwise velocity.
This is somewhat expected given the small amplitude of the superimposed mode
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Figure 4.1: Experimental setup for the flow over a superposition of two
topographical modes.
in comparison to that of the main large-scale topography which dominates the flow
field. However, the superimposed small-scale topography impacts the turbulence
quantities. Figure 4.2 shows the profiles of the normalized in-plane turbulent kinetic
energy, TKE = 〈u′2 + w′2〉 /2U20 . As expected, the impact of the additional mode is
confined within the vicinity of the wall. Overall, this additional mode results in a
reduction of the turbulence near the wall. This is comparable with the observations
of Cao and Tamura (2006) who observed a reduction in the turbulence quantities
downstream of a rough 2D hill compared to a smooth one. Also in agreement with
their work, the peaks of TKE seem to occur at slightly higher elevation for the super-
position of the two topographical scales. Additional measurements and analysis are
to be carried in the near future to explain these counter-intuitive results (especially
the reduction in the turbulence levels near the wall).
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